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loads. A reliable load prediction technique could help
ensure that only those boilers required to meet demand
are on line.

This report presents the results of an investigation into
the feasibility of forecasting heat plant steam loads from
historical patterns and weather information. Using steam
flow data collected at Fort Benjamin Harrison, IN, a Box-
Jenkins transfer function model with an acceptably small
prediction error was initially identified. The standard
deviation of the 1-hour ahead prediction error using this
formula was about 4 percent of the mean of the hourly
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models be considered prime candidates for load forecast-
ing due to their simpler mathematics. Weather informa-
tion, nevertheless, should also be taken into account in
case of a significant variation in ambient temperature
within the applicable forecast period. The feasibility of
completely automating the identification of the prediction
formula should be studied for field implementation of
multiboiler load allocation.
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A STEAM LOAD FORECASTING TECHNIQUE
FOR CENTRAL HEATING PLANTS

1 INTRODUCTION

Background

Boilers are generally designed to be highly efficient at full loads. As a boiler’s load decreases, its
efficiency also drops. The Army should achieve significant savings by running fewer boilers at high loads
rather than more boilers at low loads. A reliable load prediction technique could help ensure that only
those boilers required to meet demand are on line.

Boiler load is normally affected by weather changes. Since weather forecasting is still not a precise
science, boiler operators tend to take a conservative approach and run as many boilers as they feel
comfortable with. Operators could use a reliable load forecasting technique to schedule boiler operations
with more efficiency, saving a significant amount of fuel. This could significantly improve the cost-
efficiency of large central heating plants at many Army installations.

Time series analysis is a rapid-growth area in statistical science. Its major application is in
forecasting. The Box-Jenkins approach, developed in the 1960s, was found to be well suited for load
forecasting (Box and Jenkins, 1970). Load forecasting is now an integral part of utility system operation.
Long-term forecasting several years into the future is required for scheduling new plant construction.
Intermediate-term forecasts several months ahead are needed for scheduling maintenance. Short-term
forecasting—a few days to a few wecks—is nieeded for scheduling generating capacity and fuel purchases.
Forecasting a few hours to a few minutes ahead is required for real-time control. This research
investigates a technique with relatively short-term (24 hour) forecasting for multiboiler load allocation in
Army central heating plants.

Objective

The objective of this research is twofold: (1) to provide a fundamental understanding of the
relationship between heating-degree days and steam load, and (2) to develop a mathematical model that
results in reliable steam load forecasts based on historical trends and projected weather pattems. This
information will form the basis of a stecam supply load-leveling system for Army central heating plants.

Approach

An overview of forecasting techniques is provided. Applications reported in literature are
summarized, and software considerations and data requirements are discussed. Chapters 6 through 9
present modcling results and conclusions based on steam flow data collected from Fort Benjamin Harrison,
IN from Fcbruary 1989 through September 1990.




This study was carricd out in two phascs. In Phase 1, a rescarcher at the University of 1llinois at
Urbana-Champaign (UIUC) investigated forecasting methods using statistical analysis software in a
mainframe computing environment. In Phase 2, conducted at the U.S. Army Construction Engincering
Research Laboratory (USACERL), the results of this work were adapted 1o user-friendly commercial
softwarc for use in a microcomputer environment.

Scope

The purpose of this work is to investigate the {easibility of forccasting heat plant stcam load from
past usage patterns and ambient temperaturc information. Only a limited amount of data from one central
heating plant were used. Therefore, general applicability to other installations may rcquire further study.
The same methodology and procedure, however, can be uscd to build a working forccast model.

Mode oi Technology Transfer
The results of this work should be incorporated into an Advanced Operations and Maintenance

project for investigation of a boilcr dispatching system and deflining potcntial savings in a representative
Army boiler plant.




2 METHODOLOGY

Overview

There are a number of different approaches to the building of mathematical models for use in
forecasting. It is important to understand the forecasting problem and its particular requirements.
Typically, forecasting models are judged on their accuracy in predicting the future, not on their fit to
historical data. Nevertheless, the analyst uses the fit to historical data as a major evaluative component
in assessing the accuracy of the modcl. In this report both wie fit and the forecasting error will be
discussed in evaluating the proposed models. Forecasting requires judgment as well as statistical analysis,
especially in deciding whether the underlying assumptions made in developing the mathematics are valid.

Several mathematical approaches to forecasting exist, a few of which will be mentioned here. They
include exponential smoothing, Box-Jenkins univariate and transfer function (multivariate) models, state
space analysis, and dynamic regression. Exponential smoothing can often be improved upon by using a
Box-Jenkins univariate model, if the data are sufficiently numerous. Box-Jenkins transfer function models
are useful when the data to be predicted have correlational and seasonal structure, but there is additional
influence of some exogenous™ variables. For example, in the case under study here there are diurnal
patterns in steam demand, but there is an additional significant influence due to temperature variation.
However, when the situation calls for a Box-Jenkins transfer function model, it has been shown recently
that a state space model is mathematically equivalent (Akaike, 1974a) and will sometimes be easier to
construct (Granger and McCollister, 1978). There is another method which, in terms of complexity, is
situated somewhat between Box-Jenkins univariatc and state space models. This method has been given
the name “dynamic regression” by some, and includes the Cochrane-Orcutt models popular with
cconometricians.

The statistical analysis software used in the Phase 1 study—SAS ™—has an econometric and time-
serics library (SAS/ETS) that permits a uscr to employ all of the methods mentioned above. Since SAS
was the package most readily available for the Phase 1 study, it was employed even though it is somewhat
awkward to use compared to statistical analysis software recently developed for microcomputers. Steli-
wagen and Goodrich, for example, have developed forecasting software for the Electric Power Research
Institute (EPRI) that will casily undertake a varicty of forccasting approaches, including all those
mentioned above.

Box-Jenkins Univariate Models

A discussion of the univariate time serics modcls of Box and Jenkins will be given herc because
it is the most straightforward and the concepts regarding correlational structures in data are common to
the other approaches mentioned above.

Assume that a stochastic™ process can be observed at discrete instants of time so that there is a
scrics z,, t=1,...,N, where the index t may indicate cqually spaced instants of time. The mean and variance
of the time scries arc the expected values

‘Originating externally.
“Previously called the Statistical Analysis System, this software package is now known simply as SAS.
““Pertaining to random variables.




n = Efz] = of p(z,t)dz [Eq 1)

of = E[(z,1)] = g W) pG,ndz [Eq 2]

where p(z,t) is the probability density function for z at time t. The estimates of these quantities are the
usual ones

Nl

N
=(IIN) Y ¢ (Eq 3]

=1

N
(M) Y, (2-z ) (Eq 4]

t=l
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If the process is weakly stationary, then p, and o are constants, independent of the value of time, t, as
is the autocovariance.

The autocovariance, ¥,, is defined as follows:

Y. = ElZ,-1) (G- 1.)] [Eq 5]

The autocovariance is dependent only on the lag, k, between any two instants of time t and t+k, and not
on the value of time, t. An estimate of the autocovariance is defined in a manner completely analogous
to that given above for the variance, noting that 6>=y,. Then the autocorrelation function at lag k, p,, is
defined as a normalized covariance

Pe = YN/, (Eq 6]

making 0 < p, < 1 for all k.

The autocorrelation function for a stationary time series is an important identifying characteristic,
and is used throughout the Box-Jenkins identification process. An important example of this is “white
noise.” If a time series a, consists of identically normally distributed random variables that are
independent of one another (and thus uncorrelated), the series is referred to as white noise. It has an
autocorrelation function of O everywhere except when the lag is 0, in which case the autocorrelation
function is 1. This concept is crucial, since one of the objectives of Box-Jenkins modeling is to construct
a model for z, so that the difference (residual) between the model and the observed values of z, is
statistically indistinguishable from white noise. There are statistical tests available to determine whether
it is plausible to accept the hypothesis that a particular (residual) series is white noise; forecasting software
packages routinely produce the results of such tests.

The mathematical structure of autoregressive and moving average models is examined in the
following sections. It may seem unlikely that specific univariatc model structures could possibly model

10




demand for power. Nevertheless, such modcls have proven successful in forecasting S minute, hourly,
and daily loads, as indicated by Keyhani and El-Abiad (1975) and Hagan and Klein (1977). Numerous
other references document successful applications, but only a few will be mentioned in this report.

To keep the mathematical statements compact, some operational notation will be introduced,
although it is by no means standard. Since the litcrature on time series analysis and forecasting is so
diverse and represents rival schools of thought, a uniform notation has not yet emerged.

The backshift operator b is defined such that

bz =1z,
and
b" 7, =7y
The differencing opcrator is defined such that
Ve =2-2, [(Eq 7
= (1-b)z, a7l
and
VZZ’ = V(Z"‘Z‘_l) [Eq 8]
=2-2z_+z

=2

The random processes studicd arc assumed to be stationary. If there is evidence that they are not
stationary, some transformation techniques can be applied to make them stationary, as will be discussed
later. It will also be assumed that we study the process Z, = z, - W, so that the mean of Z, is zero. In
order to simplify the notation that follows, we will use z instead of Z, throughout, assuming its (constant)
mean has already been removed. Of course, if the data are differenced once, the differenced series has
a zcro mean, and thus does not nced to have the mean removed.

A first-order autoregressive process has the form

zl=¢lzc~1 +ar [Eq 9]

where a, is a white noisc process. Intuitively, this suggests the next observation of the time series can be
modeled by adding a random *‘shock™ to the last observed value (multiplied by some constant, ¢,). This
is the well known Markov process, which has found wide application throughout physics and mathematics
(Akaike, 1974a). This expression can also be written in the form
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(1-0,b)z, = q, [Eq 10]

leading to the following form for a process that is autoregressive of order p, often denoted as AR(p):

(1-0,b-9,b*-..-0,b")z, = a, [Eq 11]

In a more abbreviated fashion, this can bc expressed as

o)z, = q, [Eq 12]

where ¢(b) is a polynomial of order p in terms of the backshift operator.

A famous application of AR(2) models was the prediction of the number of sunspots (Yule, 1927).
The order p of a process supposed to be purely autoregressive can be determined by examination of its
sample autocorrelation function, and especially by looking at a variation of it called the partial
autocorrelation function. For instance, if the process is AR(1), the autocorrelation function has the simple
form p=¢ *. The coefficients ¢,, i=1,...,p are determined by maximum likelihood estimation. One may
conveniently think of such an estimation scheme as one that chooses the ¢, that minimizes the variance
of the residual series a, although this is not precisely the basis for maximum likelihood estimation.

A moving average process of order q, denoted as MA(q), has the form

z,=a-64a_-0a,-.-08a4a_
= (1-6,b-0,b>-..-8,b %), (Eq 13]
= 0(b)aq,

where 6(b) is a polynomial of order q in the backshift operator. As with autoregressive processes, the
order q for thc moving average process can be determined by examining the autocorrelation function of
the process, and the parameters 6, i=1,...,q arc determined by a maximum likelihood estimation scheme.

A more general model is the autoregressive-moving average (ARMA) model for a time series, which
takes the form

o)z, = B(b)aq, (Eq 14]

if it is of order p and q, often denoted as ARMA(p,q). Models of this sort were investigated by Vemuri,
Huang, and Nelson (1981) in order to estimate hourly loads for an electric utility.

If a time serics z, is not stationary, perhaps because it has a constant trend, it can be made stationary
by a differencing operation

12




w, = vz [Eq 15]

resulting in w, becoming a stationary scries, ready to be modeled as an ARMA process. The differencing
may be carricd to a higher degree—perhaps d—if necessary to obtain a stationary process. In practice, the
order of differencing is rarelv more than 2, which is what is required to model some series with changing
trends. Also, there are statistical measures that can be examined to determine whether the series has been
over-differcnced in an attempt to make it stationary.

After differencing has produced a stationary process, an autoregressive integrated moving average
(ARIMA) model can be proposed:

o (b) v z, = B(b)a, [Eq 16]

This is often refcrred to as an ARIMA (p,d,q) model when p and q are the orders of the ¢(b) and 8(b)
polynomials, respectively. Hagan and Klein (1977) used this sort of model to forecast hourly loads with
up to a 4 hour lead time.

Another sort of nonstationary feature that stochastic processes can exhibit is heteroscedasticity,
which means that 6% is a function of t rather than a constant. Sometimes such a process can be rendered
stationary by a power transformation of some sort, or perhaps by taking the logarithm of the series before
beginning the modeling process. This did not appear to be required for the steam flow data studied here.

The last sort of scasonality that will be discussed here is a seasonal periodicity. This is best
cxplained with an example. Supposc there is a serics of hourly data that exhibits a diurnal pattern (daily
periodicity). In oth. r words, the value of z, is strongly related to the value of z,,,. The time series would
exhibit a cyclic behavior (though not necessarily sinusoidal) with a period of 24 hours. If the data had
been collected at 5 minute intervals, then the period would be 288 with the value of z, being strongly
rclated to the value of z,,4,. Such periodic features are observed in portions of the steam flow data from
Fort Benjamin Harrison, as can be scen from the graphs in Appendix A. Especially evident in the March
“Stcam 2” data arc pcaks and troughs in the data with a period of about 24 hours. These features are
commonly observed in published load data at both 5 minute and hourly intervals, as provided, for
cxample, by Abu-El-Magh and Sinha (1981). The seasonal difference operator is defined as

v24 Zt = Zr'zt-u [Eq 17]
For the hourly time series it might be proposed that
v,z = (1-0b%)0, {Eq 18]

in order to relate z, that arc 24 hours apart where
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va, = (1-8b)a, (Eq 19]

might relate o that are 1 hour apart. Combining these equations gives a compact form of the model

vv,z = (1-0b)(1-0b)a, (Eq 20]

Such a model is denoted a multiplicative (0,1,1) x (0,1,1),, model and requires the estimation of only two
parameters: © and 6. Note the inclusion of certain moving average terms corresponding to the
differencing operations. In order to make the notation clear, the model will be written out completely in
a form that can be viewed as a difference equation:

570"yt T at_eat-l —eal-u +e®at-25 (Eq 21}

Then the forecast equation can be written directly and the result given for the case of forecasting k periods
ahead. Clearly

z,, =2, +2 -z +a
t+k tok-1 t+k-24 t+k-25 14k [Eq 22}
-8a,,-04q,,,,+004q,,

The forecasted value for z,,, with the minimum mean square error will be the conditional expected value
of z,,,, given ©, 6, z, z,,, ..., the estimated parameter values, and the time series up to and including the
time point t.

This forecast will be denoted as Z,(k), and is given by

2(k) = Elz,,, 142, 04225+ Gruy [Eq 23]

-0a ©a_ , +00a 16,0, z,z_,..1]

1ak-1 = Prek-24 tok-25

indicating that the forecast is k steps ahead, given the series is observed through time t. In order to obtain
forecasts, the unknown z; terms (j > t) are replaced by their forecasted values and the unknown a, terms
(i > t) are replaced by their mean value, which is O for a properly constructed model. On the other hand,
the known values of a; are the onc-step-ahead forecast errors, that is

a =z -4, [Eq 24)

t 1

for valuesofi<t,and 3, =0 fori >t

14




There are a variety of approaches for deciding which Box-Jenkins model should be used to describe
a given time secrics. As previously mentioned, after model identification and parameter estimation, the
residual series a, should be statistically acceptable as white noise. Sometimes a practitioner will want to
sct aside some data, not to be used in fitting the model, and then use this data to evaluate the prediction
error. SAS, the software package used in this phase of the research, readily pemmits this to be done for
univariate models, but not for the multivariate models to be discussed later.

Also to be considered is the principle of parsimony, which dictates that simpler models are
preferable. This is because a model that is too complex—often called “overfitted”—will describe many
unimportant details of the historical data (including noise), making it unlikely to be very useful for
forecasting. The Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC) are
two objective measures that balance goodness of fit and model complexity. In the forecasting work
described here, the chi-square test for the residual series being white noise and the AIC were used as
mcasures of acceptable fit of the model to historical data.

Box-Jenkins Transfer Function Models
The ARIMA models mentioned above, including the seasonal versions, are essentially complex
cxtrapolations of past load history. When there is a change in the weather, a transfer function model can

include a variable like temperature to improve the prediction. Consider a transfer function model such
as

z, = [0®)/8®B)]x_ +n, (Eq 25]

where w(b) is a polynomial of order s, 8(b) is a polynomial of order r, and the input series x, is lagged
by ¢ periods. It is assumed that the noise process n, is not white but can be represented by an ARIMA
model. By differencing the series hourly and daily (24 hours) to make it stationary, the general form of
the transfer function model becomes

v 9,2, = (0®B)/BDB)]vv,x_ +{B(BIOBX)/6 (B)D(B)a, (Eq 26]

where the orders and cocefficients of the various polynomials are determined as a part of the identification
process. As will be discussed later, the transfer function model identified from the data on steam flow
and tcmperaturc had a relatively simple form, with 8(b)=1, w(b)=w, (a constant), and relatively low order
autorcgressive and moving-average polynomials.

Other Modeling Approaches

Dynamic Regression

Dynamic regression refers to a group of regression models that combines the dynamics of Box-
Jenkins modcls with the explanatory power of certain variables that may even be causal in nature. The
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typical configuration is to exclude moving-average terms but to include a vector of exogenous variables
(other than z) that might help explain variation in z. An example of such a formulation might be

o ®)z, = By,+ o, (Eq 27]

R, = g, [Eq 28]

where z, is the time series to be forecast, y, is a vector of exogenous variables related to z,, 8 is a vector
of regression coefficients, w, are raw residuals that are autocorrelated, and R(b) is the backwards shift
polynomial that reduces w, to a white noise series a, This particular dynamic regression formulation is
the Cochrane-Orcutt model (Cochrane and Orcutt, 1949). It would appear to have some promise for the
steam load forecasting problem, but the model fitting using SAS was somewhat awkward. It seems
advisable to wait until better forecasting software is available before investing much effort in investigating
the usefulness of this class of models.

State Space Models

Another approach that includes some exogenous variables to improve forecasts is state space
modeling, as proposed by Akaike (1974b). These models are statistically equivalent to Box-Jenkins
ARMA transfer function models (as opposed to the univariate models discussed earlier in this chapter) and
yicld exactly the same forecasts. However, state space models can be much easier to identify and estimate
when the transfer function model is complex. It turns out that a very simple transfer function was found,
as indicated above, so the state space models were not pursued.

The mathematics of this representation are similar to those of modern control theory. Although they
arc not extremely involved, they will not be given in any detail here. If state space models are shown to
be superior to transfer function models for forecasting, a condensed description of their mathematical
background can be prepared. Future research might address this class of models, since the process of
identifying them seems to hold more promise for being automated than does the process of identifying
the Box-Jenkins transfer function models.
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3 APPLICATIONS IN LITERATURE

There arc a number of precedents for using forccasting approaches to anticipate demand for electric
powcr. Many papers on this topic have been published in JEEE" Transactions on Power Apparatus and
Systems. Many investigations report successful prediction of power demand, based on historical informa-
tion only, using the Box-Jenkins univariatc models.

Keyhani and El-Abiad (1975) used an ARMA (1,0) model to make very-short-term forecasts from
I minute data; thcy used ARMA (1,1) and ARMA (2,1) models on § minute data, and ARMA (2,0)
modcls on hourly data. Keyhani and Rad (1977) used a form of dynamic regression, employing a lagged
hourly temperature to forccast hourly loads. Vemuri, Balasubramanian, and Hill (1973) used an ARIMA
(0,1,1)x(0,1,1),, model to forccast monthly peak loads. Hagan and Klein (1977) used Box and Jenkins
models with a 24 hour period to forccast hourly loads with 1 to 4 hour lead times, using different models
for each scason of the ycar. Meslier (1978) used ARIMA (1,0,0)x(0,1,1),x(0,1,1),5 models to forecast
daily cnergy consumption 1 day ahcad; apparently correction factors needed to be added to adjust for
holidays.

Abu-El-Magd and Sinha (1981) compared Box-Jenkins modcls to state space models with regard
to forecasting short term (5 minutes ahcad) load demand. The predictive error was very similar for the
two approaches, but the authors noted that the state space modcl could more casily be adapted to online
prediction and model updating. Hagan and Behr (1987) used Box-Jenkins transfer function models (with
temperature as the cxogenous variable) to forecast 24 hour load curves for a 3 week period. They report
average absolute forccast crrors on the order of 5 percent.

“Institute of Electrical and Electronics Engincers.
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4 SOFTWARE CONSIDERATIONS

A numbcr of different forecasting methodologies have been successfully employed, indicating the
need for software tools that would facilitate the investigation of a variety of approaches. In recognition
of this nced, EPRI has sponsored the development of forccasting software to address the planning and
control needs of the power industry.

Two software products available for the microcomputer would facilitate a thorough investigation of
the feasibility of constructing forecasting models. One product is Forecast Master, developed by Stell-
wagcen and Goodrich under agreement with the Electric Power Research Institute (EPRI). It is designed
for rescarch usc and has a complete sct of time series analysis approaches. Forecast Master has also been
favorably rcvicwed by a major personal computing magazine.

Since a thorough knowledge of time scrics analysis methods is required to use Forecast Master, this
program may bc too complicated for many heat plant operators. Another software product by the same
developer—Forecast Pro—is much more user friendly. A uscful subsct of the analysis methods in Forecast
Master arc included in Forecast Pro, but they are driven by an expert system to lead the user through the
steps of model identification.  This softwarc was also favorably revicwed by the same computing
magazine. Forecast Pro is well suited to the project at hand. It was developed to meet needs of EPRI,
which arc very similar to those of a central heat plant operator. Its major benefit is its expert system,
which can construct models as accuratc as those gencrated by an expert without requiring the user to be
an cxpert.

18




5 DATA CONSIDERATIONS FOR THE PHASE 1 STUDY

In the Phase 1 study conducted at UIUC, stcam flow data from two lines at Fort Benjamin Harrison
(referred to as “Steam 1" and “Steam 2"") were uscd with accompanying ambient temperature data. The
data were collected at 30 second intervals and averaged to produce data at 5 minute intcrvals. Duc to
malfunctioning instruments or problems in boiler operations, erroncous data were recorded during scveral
intervals. The crroncous data points were simply replaced with adjacent data. Since this problem did not
occur frequently, the basic validity of the data was not compromiscd.

The next step was to aggregate the data into hourly data, which cffectively smoothed the data in the
process and reduced the impact of the corrections referred to above. The initial study focused on two data
scgments: the scgment covering March 2 through March 28 and the one covering February 1 through
February 28. The Fcbruary segment was not the first choice for scveral reasons: there was a notable
pressure drop in Stcam 2 on the moming of 18 Fcbruary, and there were some wide oscillations in Stcam
1 on 8, 18, and 19 Fcbruary. In contrast, both Steam 1 and 2 werce relatively frec of such anomalics
throughout March, cxcept for some oscillations in Steam 1 on March 12. Plots of the February and March
data arc provided in Appendix A, and tables of the data arc provided in Appendix B.

An additional considcration was the desire to usc data accompanied by temperature variations that
would affect stcam flow. The March data had such temperature swings, and since the Steam 2 data were
the cleanest, they were chosen for the study. Some results will be given for the March Steam 1 data and
for February Stcam 1 and Steam 2 data (to be referred to as “the other three data sets™), but the level of
dctail provided will be less than that provided for the March Steam 2 data.

The number of data points is adcquate for Box-Jenkins modeling since the March data had 648
peints and the February data had 672. For ARIMA modecling, it is oftcn suggested that the number of
points be greater than 30 and less than 2000. Extra data points simply make the computations more
lengthy without substantially improving the estimation of the parameters in the models (Box, 1970).
Fewer data points make the parameter estimates more uncertain.

* In the Phase 2 study these lines are called the “Alpha” and “Beta” lines, respectively, which are their official designations at
Fort Benjamin Harrison.
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6 MODELING RESULTS FROM THE PHASE 1 STUDY

Stationarity and Seasonality

The first step in identification of the forecasting model for the March Steam 2 data was to examine
its autocorrelation function (ACF). It was found that this function is significantly different from zero for
lags up to 20 periods (hours). This indicated a need for differencing. The ACF of the differenced series
died out much more rapidly but had a significant value at a lag of 24, indicating the pattems seen in the
data. The obvious transformation is to apply seasonal differencing with a period of 24. When this was
done the ACF was marginally acceptable as white noise (p=0.028) except for a persisting component at
a lag of 24. Since some seasonal modcls were to be entertained, it was decided to proceed with the data
as stationary after a differencing operation vv,,. As might be expected, this same differencing had the
same effect on the other three data sets, making the ACF function more nearly resemble that of white
noise.

Transfer Function Employing Temperature

Although various Box-Jenkins univariate models were considered at this point, a transfer function
modcl was preferred in order to capture the change in steam load due to temperature variation. Indeed,
the correlation between the steam flow z, and the temperature x,, is 0.89 when k=0, 0.88 when k=1, and
0.87 when k=2. One explanation for these results is that they simply indicate the high level of
autocorrelation found in each of the time series for steam flow and temperature. However, we know from
basic physical considerations that steam flow is correlated with temperature. It was also noted that the
correlation between the differenced series was also considerable, so there was an inducement to proceed
with such models.

As a practical matter, forecasting 2 hours ahead was desired. These forecasts therefore needed
temperature values 2 hours ahead, something that only weather forecasts could provide. Although this
kind of model was used, the time scries for temperature also lagged by 1 to 2 hours so the model did not
need a temperature forecast as an input.

To identify a model where the input series lagged with ¢=0, 1, and 2, the following fairly general
form of the Box-Jenkins transfer function model (from Eq 26) was used:

v, 2, = [0B)/5®)|vv, x_ + [BB)OBX) /6 (B)YDB )],

The approach used was 10 examine the ACF and partial autocorrelation function (PACF) of the residual
series in order to determine the typc and order of backshift polynomials needed to reduce the residual
scries to white noise. The partial autocorrelation function represents the results of regressing the series
on its first lag, then on its first two lags, and so on until the last lag introduced into the series tums out
not to be statistically significant. The ACF and PACF provide clues as to the autoregressive order and
the moving average order of the process. The references by Box and Jenkins (1970) and by Goodrich
(1989) discuss this in great detail.
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Two quantitative measures of goodness of fit were used. First a chi-squarc test was automatically
carricd out in SAS to test the hypothesis that the residual scrics is white noise; the higher the calculated
significance level (the “p” valuc) is, the less likely it is that the hypothesis should be rejected. Often
statisticians usc a p valuc of 0.05 or 0.10 as a lower cutoff for the significance level. Second, the AIC
was calculated; the smaller it is, the better the fit is. These two measures complement cach other, since
the excessive inclusion of paramcters in the model will invariably result in a higher p value for the chi-
square tcst, but will also increase the AIC becausc of “overfitting.”

When the temperature scrics lagged by 2 hours (¢=2), the model with the following form left a
residual series that could not be rejected as white noise (p=0.71) and had an AIC of 10095S:

w(b) = -49.2 (b)) = (1-.140b%)
o) =1 DB =1

0(b) = (1+.120b)

OBb™ = (1-.671b%)

The moving average terms were included to correspond to the order of the differcncing, as suggested
carlicr in Eq 20. Thc autoregressive tcrm at lag four was included because of a persistent term in the
autocorrclation of the residual serics. There is a certain clement of trial and crror to the development of
modcl structurc since an analyst is motivated by the autocorrelation function of the residual series with
the modcl. Once the model was chosen, however, the values of all coefficients were automatically
obtained by an algorithm that maximizcs the likelihood function. (A printout of the results of the model
specification is available from the authors for review.)

So the transfer function model takes the form

v,z = -492v9,x, + [(1+.120b)(1 -.6715%)/(1+.140b%)]a, [Eq 29]

4%

when the input (temperature) serics is lagged by 2 hours. A varicty of other modcel formulations were
attempted, but the chi-squarc results and the AIC were not as encouraging. For instance, if the MA(1)
and AR(4) tcrms arc omilted, the measurcs of goodness of fit deteriorate with p=0.20 and AIC=10111.
If too many additional terms are included, the AIC cventually increasces, but there is another indication
that the terms arc unnceded. That is, the standard deviation of the cstimate of the paramcter turns out to
be so large that the estimated parameter value cannot be claimed to be significantly diffcrent from zero.

When based on a tecmperature serics lagged by 1 hour (c=1), the estimated model takes the form

vv,,2, = -63.6v9,x_ + [(1+.0946h)(1-.6726%)/(1+.129b%)]a, [Eq 30]

with residuals acceptable as white noisc (p=0.79) and an AIC of 10105. When the current temperature
(c=0) is uscd, the modcl takes the form
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vv,z, = -1452v9,x + [(1+.07496)(1 -.65752)/(1+.142)b*)]a, (Eq 31

with residuals acceptable as white noise (p=0.946) and an AIC of 10078. Apparently the last model is
superior to the others in terms of fitting the historical data without overfitting due to using too many
parameters. However, as mentioned earlier, the forecast of z,,, would require x,,, be given. Thus the
forecast k hours ahead for steam demand would require that the temperature be forecast k hours ahcad and
input to the forecast equation. As an altemative, the lagged temperature models were retained and
compared in terms of forecast error.

To verify the transfer function model, an identification process was begun by “prewhitening” the
temperature series. The model identified was

(1-.65b)vv,x, = (1-.21b)(1 -.90b)q, [Eq 32)

which left a residual series as white noisc (p=0.49). If this prewhitening transformation is then applied to
the steam flow data, the cross correlation between the prewhitened input and transformed output can be
used to identify the terms in the transfer function. In fact, this was done and the transfer function was
found to have the simple form indicated in Eq 31, with stcam flow being directly proportional to
temperature (possibly lagged slightly).

Models From the Literature

To further verify the modeling cffort reported in the section above, a number of model forms found
in the literature were considered and the appropriate parameters estimated to specify the model. The
models reported by Hagan and Klein (1977) were attempted first. The standard deviations of scveral of
the parameter estimates were 300 percent of the estimates themselves. A number of variations were
attempted, eliminating parameters until the model reduced to the model given in Eq 31.

The Hagan and Behr (1987) formulation was also attempted, with the initial result being that the
paramcter estimation scheme did not converge. Only when the model was put essentially in the form of
Eq 31 did the parametcer estimates converge and the residuals approach white noise.

The models suggested by Keyhani and Rad (1977), which are similar to dynamic regression in form,
were specified and parameters estimated. An example of the kind of result obtained is

(1-1.18b+.2162-.17b% +.164b)z, = 20592 -44.4x,, (Eq 33]

resulting in a test of residuals for white noisc with p=0.065 and an AIC of 10389. No forccasting was
performed with this model since the goodness of fit test results were inferior 1o the model alrcady
obtained.

22




None of the approaches mentioned in the literature appeared to be more promising than the models
described in Eqs 29, 30, and 31, obtained by applying fundamental Box-Jenkins principles to the data at
hand.

Models for the Other Three Data Sets

A few results will be given for the other three data scts to indicate the robustness of the model form
suggested for the March Steam 2 data. The results of forecasting with these models will be provided in
Chapter 7, where they can easily be compared with one another. For the March Steam 1 data, the model
identified for the temperature lagged by 2 hours was

V9,2, = -83.29v,x , + [(1+.887b)(1-.8856%)/(1+.284b+.175b)]a,  [Eq 34]

The fit was not as good for these data since p=0.12 in the chi-square test for the residuals. When the
February Steam 2 data were modeled, the following transfer function model was identified:

U,z = ~48.7vv,x, + [(1+.124b)(1-.9385™)/(1+.10b2+.258b")]a, [Eq 35]

with a chi-square test of the residuals giving p=0.35. Finally the February Steam 1 data were modeled
and the following transfer function modcl was identified:

v,z = -192vv,x, + [(1-.828b)(1-905b%)/(1 +.164b?)]a, [Eq 36]

with p=0.56 for the test of the residual scrics as white noise. The AIC values were not given here because
it only makes sense to compare AIC for differcnt models obtained from the same data set. Although it
may appear that these models are equally as attractive as Eq 29 for the March Steam 2 data, it will be
shown in Chapter 7 that the forecast crrors tumn out to be larger. Some of this difficulty may be attributed
to the problems with the other three data scts, as discussed in Chapter 5.
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7 FORECASTING RESULTS FROM THE PHASE 1 STUDY

The models for March Stcam 2 data specified by Eqs 29, 30, and 31 were used 1o forccast 1 hour
ahead for the last week of March. A sample SAS printout for Eq 29 is available from the authors for
review. The standard deviation of the 1 hour ahcad forecast crror, G,, is uscd as a quantitative measure
of predictive accuracy. For temperature lagged by 2 hours (Eq 29), 6,=611; for temperature lagged by
1 hour (Eq 30), 6.=618; and for tempcraturc not lagged (Eq 31), 0.=607. The mcan of the forecast for
the last week of March was 14443, so the standard deviation of the forccast crror is only about 4 percent
of the value of the forecast. This result is very encouraging and indicates that accurate forecasts up to a
few hours ahcad could likely be obtained with similar transfer function models.

Forccasting results for the models identificd for the other three data scts arc not as encouraging.
For March Stcam 1 (Eq 34), 6,=549. This is not an ¢ncouraging rcsult since the mean forecast for this
linc for the last week of March is 4589. Thercfore, the standard deviation of the forecast error is about
12 pereent of the mean value of the forecast. For February Steam 2 (Eq 35), 0,=1701, which was about
9 pereent of the mean value of the forecast (18487). Finally, for February Stecam 1 (Eq 36), 6,=926,
which was about 11 pereent of the mean value of the forccast (7997).

At this time it is not known with ccrtainty why the models’ forccast crrors for the other three data
sets are so large. The most likely reason scems to be the quality of the data, as discussed in Chapter 5.
The March Steam 2 data was initially chosen for the most thorough investigation because it had the fewest
obvious anomalics. In order to usc the other data scts, it would have been necessary to repair large
scgments of the records, making it difficult, therefore, to interpret the results of the model fitting cffort.

Once a predictive model is online, it might prove effective 1o replace aberrant data segments with
the predicted values until either a malfunctioning sensor is repaired or a problem in boiler operations is
rectified. The upper and lower 95 percent confidence limits provided by the model could aid in the
identification of such a problem with incoming data.

The process of fitting the model to a segment of the data and then comparing the predictions 1o the
actual vatues was not carricd out here as it would not kave been informative. The SAS software package
requires that an ARIMA model be fitted to the input serics—temperature, in this case—so that the
temperature values are available for usc in futurc forecasts. Such an ARIMA modcl was constructed
during the prewhitening of the series to validate the transfcr function model. Unfortunately, if this model
is used to produce forecasts 1 week ahead, it will be impossible to discern how much of the forecast error
is caused by inaccurate temperature prediction and how much is duc to the forccast model itself. In
practice of course, a recent temperature measurement is usually available, and such a forecast temperature
would not be used. In fact, based on a temperature measurcment that is lagged by 2 hours, the transfer
function model predicts stcam flow well,
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8 RESULTS FROM THE PHASE 2 STUDY

Models Considered

During Phase 2 of this research, Forecast Pro softwarc was used for modcl building and forecasting.
As mentioned before, this software serves the planning and control needs of the utility industry with a
built-in expert system to Icad uscrs through the steps of model identification. The following models were
considered by this software:

1. Exponential smoothing
a. Simple exponential smoothing
b. Holt two parameter exponential smoothing
¢. Damped two parameter exponential smoothing
d. Winters three parameter cxponential smoothing
e. Damped three paramcter cxponential smoothing
2. Box-Jenkins univariate ARIMA
3. Dynamic regression.

Since descriptions of these models are provided in the software manual, only highlights will be
presented here.

Exponential Smoothing Models

Exponential smoothing techniques are casy to usc and to understand conceptually. This model
should be used when the data will not support a corrclational approach like Box-Jenkins or dynamic
regression. This can happen when cither the historical data are too short to support accurate calculation
of corrclational cocfficients or the correlations are not stablec. A comprchensive review was written by
Gardner (1983), who classified 17 basic methods. Forecast Pro includes five methods from the Holt-
Winters (Holt, 1957, Winters, 1960) family. The empirical evidence cited by Gardner favors these five
methods over the others. The time series is assumed to be modceled by one, two, or three components that
represent the level, trend, and seasonality of the series. If the model includes a trend, then that trend is
either forccasted linearly into the future, or forccasted as a damped cxponential that eventually dies out
to a constant level. Each technique uses recursive cquations to obtain smoothed valucs for model com-
ponents. Thus simple smoothing uses one equation (level), Holt smoothing uses two (Ievel and trend),
and Winters uscs three (level, trend, and scasonal).

Box-Jenkins Univariate ARIMA Model

Box-Jenkins univariate ARIMA procedures were implemented in Forecast Pro. The main
rcquircment for Box-Jenkins is that the data have a stable autocorrclation function. Exponential smoothing
is a better choice if the autocorrelation functions arc not stable or the data arc too short—say lcss than 40

points. If there are significant leading indicators, then a dynamic regression model might be the preferred
choicc. The Box-Jenkins ARIMA (p,d,q) model is shown below:

P(B)(1-B)'Y, = Q(B)e,
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where B is backward shift operator
P(B) is autoregressive polynomial of order p
Q(B) is moving average polynomial of order q
Y, is observed value at time t
and e, is one-step forecast error.”

Box-Jenkins models the autocorrelation function of a stationary time series with the fewest possible
parameters. It includes moving average terms that dynamic regression does not, and thus, theoretically,
will produce the optimal univariate model. The major difficulty is to decide which ARIMA (p,d,q) model
best fits the data. The Forecast Pro cxpert system will identify the degree of differencing d, the
autorcgressive order p, and the moving average order q automatically by minimizing the BIC criterion.
It is reccommended that automatic Box-Jenkins always be uscd first. If it is suspected that a better model
can be obtained, variations around the automatic model can be tried next, and then the BIC criterion can
be used to make the final selection,

Dynamic Regression Model

Dynamic regression should be used when the data are numerous enough and stable enough to
support a correlational model. With inclusion of explanatory variables, dynamic regression will generally
provide a definitc increase in accuracy of fit. The dynamic regression model (Goodrich, 1989) is shown
below:

R(B) P(B) Y, = R(B) (B#Xt+Const) + e,

where X, is explanatory variable value at time t
B is coefficient of X,
R(B) and P(B) are autoregressive polynomials
and Const is constant.

Modeling Results Using Forecast Pro Software

Both Alpha (Stcam 1) and Beta (Steam 2) line flows measured at Fort Benjamin Harrison in March
1989 were used separately to build three models mentioned previously (Winters’ thrce parameter
smoothing, Box-Jenkins, and dynamic regression) using the Forecast Pro software. Four hundred eighty
hourly average Alpha line stcam flows from 2 March through 21 March, and the heating decgrce hours (65
minus the ambicnt temperature in degrees Fahrenheit™) are plotted in Figures Al through A4."** Stcam
flows calculated from the Box-Jenkins and dynamic regression models are shown (labeled BJ and DR
respectively). As can be scen, the steam flow increased with increasing heating degree hours. Steam flow
calculated from the dynamic regression modcl appeared to closcly match the measured value. Forty-eight

* Note that this is the same model given in Eq 16, expressed in notation compatible with the software used in the Phase 2 study.
" 0.55(°F-32) = °C.
™ All figures and tables are presented at the end of this chapter. The following nonconventional numbering of figures and tables
is used to facilitate data and error comparisone: items beginning with the letter A refer to Alpha line (Steam 1) data; items
beginning with B refer to Beta line (Steam 2) data; items beginning with C offer various comparisons or summaries; the
decimal numbers used on the rest of the items refer to the month and year those figures and tables represent.
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and 23 March 1989 are also shown. Again, the forecast valucs matched nicely with those measured. The
48 hour forecast errors from the Box-Jenkins, Winters’ three parameters, and dynamic regression models
are plotied in Figure A6. Errors gencrated from the first 24 hour forecasts appeared to be about cqual for
all threec models. However, errors for the last 24 hours stayed rclatively small with the dynamic regression
modecl, probably because the ambient temperature cffect was taken into account in this model.

Similar results for Beta line flows are presented in Figures B1 through B6. Forty-eight hour forecast
errors from the three models for the Beta line are about half of those for the Alpha linc when Figure B6
is compared with Figure A6. Again, the three modcl forecasts showed similar crrors during the first 24
hours, and for the last 24 hours, smaller crrors were maintained with dynamic regression. The similarity
obscrved for the two steam lines in terms of model fit and (orccast error tend to confirm that all three
modcls will do an adequate job for 24 hour forccasting. Only dynamic regression, which also requires
wcather information, is good for longer-term forecasting, however.

Beta line steam flows and ambicnt air temperaturcs measured at Fort Benjamin Harrison from
Fcbruary 1989 through September 1990 were then used to compare forecasts from Box-Jenkins and
dynamic rcgression models using Forecast Pro. In cach month, a modcl was built with up to 20 days’
averagc hourly steam flows, and a 24 hour forccast was obtained. Only 20 days of flow values were used
in this cxercise because Forecast Pro can only handle a maximum of 480 data points for model building.
The monthly model parameter values are listed in Tables C1 and C2 for Box-Jenkins and dynamic regres-
sion, respectively. The average percentages of crrors for the 24 hour forecast are shown in the last column
of these two tables, and also in Figure C1.

Actual Beta line stcam flows and 24 hour forccast valucs obtained from Box-Jenkins and dynamic
regression as well as the forecast errors are listed in Tables 2.89 through 9.90 for February 1989 through
September 1990 whenever valid data were recorded. Data for Junc and July of 1990 werce lost due 0
problems in telephonc line communication. The 24 hour forccast crrors for the data in Tablc 2.89 through
9.90 are plotted in Figures 2.89 through 9.90 for Box-Jenkins and dynamic regression modcels. A typicel
computer printout from Forecast Pro is shown in Appendix C using March 1989 flow data.

After examining the 20 month modeling results it was confirmed that Box-Jenkins and dynamic
regression mecthods do an adcquate job for 24 hour forccasting, with dynamic regression performing
slightly better. Also, it appears that during a 24 hour forccasting period, if ambicent temperatures do not
show significant change, the forecast crrors may be as low as 1 percent or less.
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Table 2.89

Measured and Model-Predicted Steam Flow Data for February 1989

ERROR (%)

HOUR MEASURE DR BJ DR ERR BJ ERR
s (Ibs/u
0 175903600 17862.6152 18646.7813 -1.5478 -6.0057
1 17532.0000 17858.4375 18776.7227 -1.8620 -1.0997
2 17439.5800 17868.8359 18878.7930 -2.4614 -8.2526
3 18037.9500 17884.6602 18899.8809 0.8498 -4.7784
4 19276.9800 17865.4453 18821.0625 7.3224 2.3651
S 19387.4000 17885.7383 18901.1016 7.7456 2.5083
6 18913.9100 18012.3262 18951.9570 4.7668 -0.2012
7 18635.4700 17980.1758 19012.4609 3.5164 -2.0230
8 18247.9600 18031.0371 19071.0977 1.1888 -4.5108
9 18028,7800 18072.1191 190629121 -0.2404 -5.7360
10 18083.1800 18103.5586 19105,6680 -0.1127 -5.6544
11 17870.0300 181604473 19305.6914 -1.6252 -8.0339
12 17707,3000 18194.4336 197389160 -2.751Q -11.4733
13 17963.8100 18215.6191 19767.1191 -1.4018 -10.0386
14 17615.1200 18218.8652 19780.9590 -3.4274 -12.2953
15 17534.0200 18236.2871 19736.0059 -4.0052 -12.5584
16 18576.2600 18239.8203 19615.9355 1.8111 -3.5968
17 19117.6400 18333.1582 19632.0273 4.1034 -2.6906
18 19653.5700 18525.3750 19629.5664 5.7404 0.1221
19 19297.3800) 18749.0857 19639.7871 2.8412 -1.7744
20 20002.3000 18982.1211 19652.7383 5.1003 1.7476
21 20065.3600 19204,1094 19614,7402 4.2922 2.2458
22 20232.6700 19196.5176 19621.8672 41327 3.0189
L 2 20265.4900 9571.6328 9760.8052 3.4218 2.4901 |
| AVERAG 18628.105 [ 18310.5179851 | 19317.6940104 1.5583 -3.9260) |
...“_
DR
-l
BJ

L4 T T T

T T ¥ L

TIME (HR)
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Figure 2.89. 24 Hour Forecast Error for February 1989.




Table 3.89

Measured and Maodel-Predicted Steam Flow Data for March 1989

HOUR MEASURL: LR BJ DR ERR | BJERR
SRETUUTRUN SR &1 U5 T WU N 1 [, 170 N ey ¢ {39 115 D L%) . ‘)
0 18912 0000 174242163 18320, 1465 7 BOO8 —3.1295
{ 2(\!51’20()() 19796, 7188 18517.4609 4.2594 8 1256
2 18490, 1000 190261621 | 18731.4746 -2 8992 -1.3054
3 185945000 203088340 18820.13%87 -10.2952 -1.2135
4 18265.2000 21295.0019 19062.5176 -16.5878 -4.3652
5 190134000 19272.5005 19128.0176 -1.3630 -0.6028
6 19628 30000 222504009 19046.6855 -13.3591 29611
7 16958, 1000 211333730 19204.2813 -24.6211 -13.2455
8 17688.5000 16963.9114 19201.4766 4.0062 -8.5534
9 18161.9000 15289.3730 19558.3828 15.8162 -7.6891
10 12049, 5000 153007,0596 | ___19622,3203 12.2369 -14.7538
11 16570 4000 [4232.0430 | 19564.5840 14,0815 -18.068
12 16345, 2000 133228026 19646,4258 17.2669 -20.1969
11 15432 6000 13457,0791 19712.5781 12.8010 -27.2334
14 14877.0000 13433.600-1 19773.8262 9.7022 329154
15 15520.0006) 12976.5039 19838 4824 16.3885 .27.825)3
L6 152593000 12869.2227 19890.8027 15.6631 -30.3520
17 16361.9000 13415.6128 19949.8457 17.8846 -21.9287
18 17175.4000 1410:.9583 20014.0703 17.8768 -16.5275
19 17241.7000 14619.7568 200616094 15.2070 -16.3552
20 17330.2000 15126.9814 20115.4238 12.7132 -16.0715
21 177XR.5000 15530.203) 20145.9570 12.6953 -13.2527
» 17852.3000 10123,5225 [ 20190.6230 9,0838 -13.09
23 7496, 8000 16326,1719 20239.7715 5,5475 -15,6770
AVYERAG 7425,7500 1639297201  19514.8709 59267 -11.98

ERROR (%)

T T T T T 1 v T ¥ T L T

TIME (HR)
Figure 3.89. 24 Hour Forecast Error for March 1989.

LA T T T T T T 1

44




Table 4.89

Measured and Model-Predicted Steam Flow Data for April 1989

HOUR MEASURE DR Bl DR ERR Bl ERR
(Ibs/lir) (Ihs/hr) {Ibs/hr) (%) (%)
0 12337,.5900 12805.0332 12461,0586 -1.7888 -1.000
! 12275.7600 131730107 12647.9199 -2,3091 -3.0317
2 12715.3300 13601.2822 12823.8613 -6.9676 -0.8535
3 12690.4100 14026.8086 12989.5215 -10.5308 -2.3570
4 12946.8800 14380.3418 13145.5000 -11.0719 -1.5341
S 12504.0800 14820.999%0 13292.3633 -18.5293 -6.3042 |
6 12890.7800 14904.9336 13430.6445 -15.6248 -4.1880
1 13256.5900 15072.6875 13560.8447 -13.6996 -2.2951
8 13436 5000 15076.66(12 13683.4355 -12.2068 -1.8378
9 12762.3300 15075.3330 13798.8623 -18.1237 -8.1218
10 123731800 143253818 13907,5439 -19.8187 -12.4007
11 11905.7300 14587.3408 14009,8740 -22.5237 -17.6734
12 117614200 14316.0010 141062236 -21.7200 -19.9364
13 11896,3800 _14082.2188 14196.9434 -18.3740 -19.3383
14 11756.5400 13845.6699 14282 3613 -17.7699 -21.4844
15 11971.9800 13644.5811 14362.7871 -13.9710 -19.9700
16 11995.4400 13527.2861 144385137 -12.7702 -20.3667
17 11815.7400 13428.7803 14509.8145 -13.6516 -22.8007
18 11946.1500 13394.8535 14576.9482 -12.1269 -22.0221
19 12764.3900 13370.8672 14640.1592 -4.7513 -14.6953
20 11491.3500 134139189 14699.6758 -16.7306 -27.9195
21 11701.4800 13457.6895 14755.7148 -15.0084 -26.1013
22 12396,6400 13531.1357 14808 4785 -9.1516 -19.4556 |
23 2434 8800 3634.9355 4858.159 -9,6507 -194
VERAGE 23344813 3999,906 916,1337 -13.5022 -12

ERROR (%)

=

".SK:"""'\“\‘f"“"'\’\; """""""""""""""" -

UG RS U A, -

TIME (HR)
Figure 4.89. 24 Hour Forecast Error for April 1989.
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Table 5.89

Measured and Model-Predicted Steam Flow Data for Mav 1989

HOUR MEASURE DR BJ DR ERR BJ ERR
(Ibs/hr) (Ibs/hn) ( (%) (%

0 148762100 | 14909.7266 [ 14861.3301 -0.2253 0.1000
1 142935500 | 15014.6445 | 149597920 =5,0449 4.6611
2 14727.8700 | 14986.6221 | 148230557 -1.7569 20,6463
3 14905.9300 | 15097.3770 | 14935.0889 -1.2844 -0.1956
4 155443400 | 15114.9443 | 14865.2949 27624 43684
5 15476.7300 | 14660.6855 | 14605.3008 527127 5.6306
6 137984800 14095.3223 | 146302139 21513 -6.0277
7 13424 6600 135103545 | 144152705 -0.6383 1.37%
8 130452200 | 13142.3027 | 14446.7616 20,7442 -10.7438
9 1282014001 12767.3623 | 14141.2256 041171 -10.3048
10 12549.8000 1 12753.9717 | 14269.1191 162691 -13.7000
11 119618800 | 125089150 | 137478311 45721  -149304
12 116304800 123442188 | 137247988 613681 -18.0072
13 117285200 11991.1592 | 13410.1309 222393]  -14.3378
14 11894.3200] __12110.7861 | 136329834 1819 -14.6176
15 112252800 | 12054.3584 | 13533.7471 73858 | -20.5649
16 11587.5300]  12027.5313 | 13439.5918 379721 -15.9832
17 120077100 ] 12298.4229 | 13753.9385 24211 -14.5426
18 126843100 | 12473.7510 ] 137727197 1.6600 -8.5808
19 125593700 12642.2715 | 138440273 066011 102287
20 125662300 12799.0400 | _ 137419014 -1852] -9.3558
21 126044800 132905459 | 138309238 754430 -9.7302
2 12587,59001 133982881 | 13855.0566 -6,4405 | -10,0692
2 %gt_);.mx) 3704.2109 4035.2773 -7.0213 -9.6067
[j',y“"l"'vemo 0544007 3120.7005 A136.4744 [ 20199 82859

ERROR (%)

T T ¥ T T T T ¥ T

TIME (HR)

T 7 T T T T

Figure 5.89. 24 Hour Forecast Error for May 1989.
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Measured and Model-Predicted Steam Flow Data for June 1989

Table 6.89

HOUR MEASURE DR BJ DR ERR BJ ERR
(ibs/he (Ibs/hr) (Ibs/hr (%) (%) ol
0 139344000 13205.2539 14218 3125 52327 -2.0375
1 13819.0800 13349.9629 14314 2480 3.3947 -3.5832
2 13982.3300 14365.7021 14399 6777 -2.7418 -2.984
3 14011.2800 14948.5889 14475.7529 -6.6897 -3.3150
4 13987.2500 15207.3027 14543.4980 -8.7226 -3.9768
S 13852.4800 15571.2520 14603 8252 -12.4077 -5.4239 |
6 13929.0800 15741.6592 14657.5459 -13.0129 -5.2298
7 13791.7800 15387.8193 14705.3838 -11.5724 -6.6243
8 14269.4300 14190.8721 14747.9834 0.5505 -3.3537
9 13908.8000 14258.6123 14785.9180 -2.5150 -6.3062
10 12192,5300 143283857 14819,6992 -17.5177 -21.5474
11 14540,0000 14000.6514 148497813 37094 -2.1305
12 13988.0800 14164.9980 14876,5693 -1.2648 -6.35
13 13555,2800 138488994 14900,4238 -2.1601 29,9234
14 13565.1300 14452.5850 14921.6660 -6.5422 -10.0002 |
15 14365.9000 15322.2070 14940.5820 -6.6568 -4.0003
16 13557.8000 15513.2363 14957.4268 -14.4230 -10.3234 |
17 13566.1800 14453.4609 149724268 -6.5404 -10.3658
18 13529.2800 14306.7646 14985.7852 -5.7461 -10.7656
19 13470.7000 14258.8477 14997.6807 -5.8508 -11.3356
20 14544.0500 14331.734 15008.2734 1.4598 -3.1918
21 13475.9800 14631.8662 15017.7061 -8.5774 -11.4405
22 134345800 14750,2900 15026,1055 -9.7935 -11.8465
23 18723300 4922 8945 5033 5259 -7.573 §iz‘m
AVERAGE 37‘)'f6554 1563.0769 1781.6607 -53%7‘ 11317

oo -

ERROR (%)

T L B

T T L) T

TIME (HR)
Figure 6.89. 24 Hour Forecast Error for June 1989.
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Measured and Model-Predicted Steam Flow Data for July 1989

Table 7.89

HOUR MEASURE DR BJ DR ERR BJ ERR
(Ibs/Mu Ibs/h Ibs/hr Y% (%)
i) 1314068001 13531000 13628 6011 R XIFA -3.6425
i 131645000 ] 1354555271 13628.6611 -2.8945 23,5259
2 127503500 1357821201 13628 6611 26,4920 ~6.8885
3 1287015001 13583.0762 1 13628.6611 25,5312 _5 8853
4 131623000 13582.6260] 13628 6611 23,1934 13,5432 ]
5 1382088001 1359501861 13628.6611 1.6982 1.4550
6 13666.1300] _13503.2803 | 13628 6611 0.5331 0.2742
7 136081300 13547.3916] 13628 6611 0.4463 0.1500
8 153530000 | 13500.4668 | 13628.6611 12.0663 11.2313
9 14325.5000 | 1347797751 13628 6611 5.0162 4.8643
10 151137000 __13427.16801 __13628.6611 11.1590 9.8258
11 147958800 | 133992549 ] 13628.6611 9.4393 z.ms_‘
12 137931800 __13387.82131 __13628.6611 9.5000 1.8720
13 11089.4000 | 133596289 | 13628.66111 2047211 _ -22.8981
14 9673.0300] ___13393.1445| 136286611 ] 384586 ] _ -40.8934
15 182011800 13390.1270] 13628 6611 26.4326 25.1221 |
16 18265.3000] 1331677251 13628 6611 27.0925 25.3850
17 18048.0800 | 13313.8555]  13628.6611 26.2312 24.4869
18 17082.1300 ] 13304.1631 ] 13628.6611 22.1165 20.2169
19 17013.7800 ] 1334630571 13628 6611 21.5559 19.8063
20 167408300 | 13400.8301 ] 13628.6611 19.8075 18.5903
31 16318.5300 ] 13345.1963| 13628 6611 17.6078 16.4835
2 17054.5300] 1344063871 13628.6611 21,1902 20.0877
23 5891 3500 1484.973 7 15.1427 14.23
CAVERAGEL . 148317300 1156.4907 g'ﬁ?g"ﬁm 66 927 HTE' )

ERROR (%)

T T 7T T T 7 7 L L 4 L

TIME (HR)

L §

Figure 7.89. 24 Hour Forecast Error for July 1989.
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Table 8.89

Measured and Model-Predicted Steam Flow Data for August 1989

(% ;

OR
N

J

HOUR MEASURE DR BJ DR ERR BJ ERR
[ i r [ (% (%)

i) 13714,7300 13419 8008 135644229 _2.1505 1.0960
1 13082.9500 13163.5752 13493.9756 -0.6163 -3.1417
2 13566.3800 12954 2666 13428.1426 4.5120 1.0190
3 13020.2500 12691.1670 13366.2031 2.5275 -2.6570
4 13146.7800 12518.1289 13307.8613 4.7818 -1.2253
5 12347.2800 12403.9766 13252.8984 -0.4592 -7.3346
6 12318.2800 12279.0996 13201.1172 0.3181 -7.1669
7 12283.1300 12276.7324 13152.3330 0.0521 -7.0764
8 11809.5800 12683.8799 13106.3730 -7.4033 -10.9809
9 12601.4800 12898.4883 13063.0732 -2.3569 -3.6630
10 12899.8000 130063662 130222793 -0.8261 -0,9495
11 13122.2000 132642686 129838467 -1.0827 1.0543
12 13293,1500 13331.0654 12947.6387 -0,2852 2.5992
13 13698, 1800 13394.8145 12913.5264 22146 5.7282
14 14120.5500 13358.9453 12881.3887 5.3936 8.7756
15 14255.8000 13275.7520 128511113 6.8747 9.8535
16 13963.9300 13272.7754 12822.5869 4.9496 8.1735
17 13802.3500 132951689 12795.7129 3.6746 7.2932
18 13568.3000 13164.5820 12770.3945 2.9754 5.8807
19 13462.6800 13004.4775 12746.5420 3.4035 5.3194
20 13392.8800 12906.4189 12724.0703 3.6322 4.9938
21 13118.2800 12858.0996 12702.8984 1.9833 3.1664
22 12909,0300 12829,2207 12682.9521 0.6182 1.7513
23 2930.93 2 2664.1 0.5689 3
[ AYERAGE]L 3 4.51% 2962.851 3018.5629 1.6814 1258y

__“..

DR

-..-.

B84

LR LA LA
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Figure 8.89. 24 Hour Forecast Error for August 1989.
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Table 9.89a

Measured and Model-Predicted Steam Flow Data for September 1989

HOUR MEASURE DR BJ DR ERR BJ ERR
_(Iby/hr (Ibs/hr (Ibs/hr (% (%)
0 91620000 91743027 9173.5205 -0.1343 -0,1252
1 9183.2500 9178.2559 9177.9453 0.0544 0.0578
2 9193.3000 9177.7070 9177.9453 0.1696 0.1670
3 9184.6300 9188.7285 9177.9453 0.0008 0.1272
4 9179.7300 9183.6074 9177.9453 -0.0422 0.0194
S 9174.2300 9184.0049 9177.9453 -0.1065 -0.0405
6 9168.2800 9183.5332 9177.9453 -0.1664 -0.1054
7 9212.0800 9181.5869 9177.9453 0.3310 0.3705
8 9275.4300 9181.7021 9177.9453 1.0105 1.0510
9 9197.8800 9181.1621 9177.9453 0.1818 0.2167
10 9185,5300 9183.0957 9177.9453 0.0265 0.0826
11 9189.1000 9183.3330 9177.9453 0.0628 0.1214
12 _9173,5500 9183.2510 9177.9453 -0,1057 -0.0479
13 9165.0500 9183,5049 91779453 -0.2014 -0,1407
14 9163.8300 9183.2607 9177.9453 -0.2120 -0.1540
15 9178.8300 9183.1855 9177.9453 -0.0475 0.0096
16 9183.4000 9183.0830 9177.9453 0.0035 0.0594
17 9216.8500 9183.3252 9177.9453 0.3637 0.4221
18 9267.5300 9183.5146 9177.9453 0.9066 0.9667
19 9190.5500 9183.5879 9177.9453 0.0758 0.1371
20 9165.2800 9183.7324 9177.9453 -0.2013 -0.1382
21 9140.8500 9183.8057 9177.9453 -0.4699 -0.4058
22 91363800 9183,8438 9177.9453 -0.5195 -0,4549
3 9183 2500 9183.8730 9 9453 - \
918 %13 9182 6245 9171.76 0.047 %

AVERAGE

ERROR (%)

T T T T T T T

T

LA T

TIME (HR)

Figure 9.89a. 24 Hour Forecast Error for September 1989.
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Table 9.89b

Measured and Model-Predicted Steam Flow Data for September 1989
Raced aon Cooling Degree Data

HOUR MEASURE DR BJ DR ERR BJ ERR
{bshi) (Ibs/hr) (bs/hn) (%) (%)
0 126196500 13589.6758 13245.8096 -1.6866 49617
1 10983.4000 14207.4717 13798.1152 -29.3540 -25.6270
2 9870.7300 13710.0088 13516.8809 -38.8956 -36.9390
3 9996.2500 13268.0811 13355.4814 -32.7306 -33.6049
4 10414.8300 13193.1973 13467.3535 -26.67170 -29.3094
5 10148.4800 12865.8936 13135.9922 -26.7766 -29.4380
6 10407.0000 12752.6455 13221.1309 -22.5391 -27.0408
7 14843.8300 12667.0322 13256.5596 14.6647 10.6931
8 13893.9500 14090.9727 14642.2451 -1.4180 -5.3858
9 13784.7000 13061.1084 13185.8965 5.2492 4.3440
10 13559.3300 13049.5322 13331.8818 3.7598 1.6714
11 §3738.9800 13143.9463 13295.5313 43310 3.2271
12 12341.8500 132400762 13284.5771 -1.2779 -1.6385
13 14809,3000 13284,7539 13294.7891 10.2945 10.2268
14 14444.5500 13112.4229 13299.8252 9.2224 7.9250
15 14407.5000 13363.7002 13477.0762 7.2448 6.4579
16 13796.5300 13434.5449 13515.6104 2.6237 2.0362
17 14169.6000 13308.5811 13457.9219 6.0765 5.0226
18 119711000 13222.6152 13442.0625 -10.4545 -12.2876
19 12650.28(0) 12978.3438 13219.5967 -2.5933 -4.5004
20 12427.2500 13112.3945 13384.9326 -5.5132 -7.7063
21 12626.9000 13095.1924 13392.2217 -3.7087 -6.0610
22 13002,9000 13070,0469 13373.3350 05164 -2.8489
PR 12486.5500 l%ﬁﬂ,}fiﬁ ] %Zm 3103 zlgng -§|Z4§:
AVERAGL 126414767 132364828 13408,2974 -4.706: -6.0659
REATARK - [he data i shis tahle i< based on the cooling degree hour data.
) -
DR
.-.-.
10 BJ

ERROR (%)
g

Rinedl s B 20 fuil Snclh Bl unes Sum St Sy M Su et S Sunse SUbuS Se SENNE SEE U SN M SRE

TIME (HR)

Figure 9.89b. 24 Hour Forecast Error for September 1989 Based on Cooling Degree Hour Data.
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Table 10.89

Measured and Model-Predicted Steam Flow Data for October 1989

ERROR (%)

ey

HOUR MEASURE DR BJ DR ERR BJ ERR

(Ibs/hr) (1bs/hr) (Ibs/hr) {% I%Lj

Q0 22062.8300 2(1193.3242 20603 6660 1.1138 0.6137

| 22377.5500 20591.0645 20603.6060 7.9834 7.9271

2 22377.5000 20:133.5059 20603.6660 5.6873 7.9269

3 2188 1.6000 20227.8691 20603.6660 7.5576 5.8402

4 21972, 10600 20305.0996 20603.6660 7.5869 6.2281

5 21949 55(0) 20298.5918 20603.6660 7.5216 6.1317

6 221484000 20213.4707 20603.6660 8.7362 6.9745

7 22052.730 20101.9473 20603.6660 8.8460 6.5709

8 21589.6300 19989.3800 20603.6660 7.4121 4.5668

9 22008.9000) 19927.3457 20603.6660) 9.4578 6.3848
10 214454800 19875.2012 20603.6660 1.3222 39254
11 224131000 19781,5000 20603.6660 10.5440 6.8260
12 22822 1800 19704,8906 20603.6660 13.6602 9,7221
13 24387.7500 19657.1250 20603.6660 19,3975 155163
14 22258.6800 19612.8945 20603.6660 11.8865 7.4354
15 215111300 19529.3516 20603.6660 9.2128 4.2186
16 20299 .5300 19385.4453 20603 .6660 4.5030 -1.4982
17 18846.2500 19174.1621 20603.6660 -1.7399 -9.3250
18 18522.6300 18893.1445 20603 .6660 -2.0003 -11.2351
19 10475.4500 18610.6895 20603.6660 4.4403 -5.7930
20 19803 4800 18357.0664 20603.6660 7.3038 -4.0406
21 19140.0300 18131.8145 20603.6660 5.2676 -7.6470
22 18819.7300 17940,7793 20603,6360 4,6704 -94791
23 189302800 [ 177727383 120601 6660 61148 88197 |
LAVERAGES 211798063 TOSIO NIRRT .. 206036660 782011 2.515;

-
DR
-.-.-
B

rYUrUr YT YT T T 1
TIME (HR)
Figure 10.89. 24 Hour Forecast Error for October 1989,
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Table 11.89

Measured and Modecl-Predicted Steam Flow Data for November 1989

HOUR MEASURE DR BJ DR ERR BJ ERR
(lbg/he (Ibs/h Ibs/hr (%) (%)

0 277828500 2640883791  25947,3945 4,9455 6.6064
1 279557500 | 268264191 25914.5371 4.0397 7.3016
2 27497.6300 | 273470137] _ 25857.0645 0.5477 5.9662
3 28052.5000 [ 27667.9648 ] 258299590 13708 7.9228
4 28373.3800| 280758418 |  25834.6426 1.0487 8.9476
5 28578.0500 | 28349.1348|  25787.9199 0.8010 9.7632
6 28968.0500 | 284973867 25935.6465 16248 | 10.4681
7 31290.6300 | 28538.2520|  25972.4063 8.7962 | 169962
8 31627.5800|  28610.2168 |  26031.6035 9.5403 17.6933
5 277582500 28378.1172| _ 25971.7305 222331 6.4360
10 29440.5500] 282870098 |  25890,080] 39182 120598
11 280025300 | 280663594 | 25999,5469 -0.2279 7.1529
12 28546,1300 ] 278787422] 259754316 23379 9,0054
13 285335800 | 278273828 | 259729766 2.4750 8.9740
14 282263500 | 27645.9277| 259686816 2.0563 7.9984
15 27093.8000] 27623.5664 | 25966.6563 21,9553 410602
16 25711.1000 | 27797.7930]__ 25967.0059 81159 209953
17 288011500 | 277248008 | 25963.5137 37372 9.8525
18 299814800 281764785 |  25974.5547 6.0204 | 133647
19 29628.1800 | 286201230 25977.3027 34024 123223
20 294429300 | 288050277  25981.7266 21635 11,7556
21 292784300 28624.6172| _ 25977.2520 2.2331 112751
2 269604000 | 284989043 | 259711504 -5.7065 31,6693
2817110001 286525859 | 25979.3320 -1.7091 17802
AVERAGEL 2357093251 2803872571 259436715 862 9,1956°

ERROR (%)

g

T T T T T

T 177

T T T T T

TIME (HR)
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Figure 11.89. 24 Hour Forecast Error for November 1989.




Table 12.89

Measured and Model-Predicted Steam Flow Data for December 1989

HOUR | MEASURE DR BJ DRERR | BJERR
(Ibs/hr) (Ibs/hr) (Ibg/hr (% (%),

0 238099700 | 2331438091 239653535 2.0814 -0,652
1 23064.0000|  23069.0879] 241836777 200221 -4,8547
2 236777500 230500918 ] 24387.3281 2.6508 2.9968
3 23603.6500 | 228923379 | 24557.491 3.0136 24,0411
4 238183500]  22027.1836] _ 24720.4219 3.7415 37873
5 23643.7800| 229765859 | _ 24868.4863 28219 =5.1798
6 23747.1800 | 22938.1445| _ 24997.2754 3.4069 -5.2642
7 238012500 | 22980.6719] _ 25099.5391 38113 -5.0575
8 241384700 23028.0332] 252016738 4.6003 4.4046
9 239439200 | 22999.0059 | 25292.7969 3.9464 =5.6335
10 240589500 | 23006.5078 | _ 25366.6973 43744 | 54356
11 2398745001 2292904141 25443.4707 4,4086 26,0699
12_ 236747800 228407539 [ 25514,0527 3,5228 -1,7689
13 240740000 22777,9022 1 25577,2598 53834 26,2443
14 23861.1700 | 227392832 |  25638.8438 47017 -7.4501
15 238067500 227287949 _ 25686.3887 45279 -7.8954
16 23501.8800]  22737.1523 | 25735.4434 3.6230 -9.0860
17 23916.6300 | 22750.5215| _ 25780.6699 4.8757 -7.7939
18 237954200 227859199 25818.7793 42424 -8.5031
19 23799.6000]  22801.3926|  25844.7852]  4.1942|  8.5934
20 238428500 | 228346172 258745781 42287 85213
21 24358.8000 | 22879.8789] 259010215 6.0714 -6.3313
2 239825500 23060.1328 | 250199121 ] _ 3.8462 -8.0782
24005.8000 9473 | 25043 36 80712
N 3837,0806 | 22030.2650 1 25304,9716 %‘%‘& 51 61571

%)

ERROR (

T T T T T

TIME (HR)
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Figure 12.89. 24 Hour Forecast Error for December 1989.




Table 1.90

Measured and Model-Predicted Steam Flow Data for January 1990

HOUR | MEASURE DR BJ DRERR | BJERR
(bsthr lbs/hr (bs/hr (% (%)
0 1930215001 19277,0215 [ 19140,5586 01302 08377
1 194684000 | 195215078 | 191526250 ] -0.2728 1.6220
2 19631.3500] 19861.5000] 19163.2305 -1.1724 2.3846
3 198509000 ] 20063.7852 |  19172.5527 -1.0724 34172
4 205443500 20108.0332 | 19180.7461 2.1238 6.6374
5 213909500 20291.6875]  19187.9492 5.1389 | 10.2988
6 20636.6500 | 20366.5469]  19194.2793 1.3089 6.9894
7 202183000 20526.9844 |  19199.8438 -1.5268 5.0373
8 197552500 | 20410.7695 | 19204.7344 33182 2.7867
9 186467000 | 20099.5313| __19209.0332 | 77914 30157
10 180993500 | 196257383 | 192128125 84334 61519
11 176595000~ 19217.1836 | 19216.1328 882071 88147
12 1721713001 18801.5762 1 192190527 920271 11,6275
3 1654602001 1856030661 19221,6191 ] 1222821 16,1707
14 16429.0800 | 18324.5000]  19223.8750] 115370 -17.0113
15 167168500  18195.1289|  19225.8574 -8.8430] -15.0089
16 17527.3300 | 18350.3125 19227.5996 | __4.6954] _ -9.7007
17 17935.0500| 186552012  19226.1300 | 40153  -7.2154
18 17840.9700]  18787.4414] 192304766 |  -5.3050]  -7.7883
19 17907.7800 | 18889.1523 | 19231.6602 | _-5.4801 -7.3928
20 17917.7000 | 18870.9160 _ 19232.6992 -53200]  -7.3391
21 17406.6300 |  18499.8379| 192336133 6.2804 | -10.4959
22 180037000 ] 18660.9063| 192344160  3.6504] 6,835
23 7709.0000 75475001 1923512301 — 590521 861781
VERAGEL  18515,0454 FFORETAN ST 41331 37399
-
DR
-~
BJ

ERROR (%)
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Figure 1.90. 24 Hour Forecast Error for January 1990,




Table 2.90

Measured and Model-Predicted Steam Flow Data for February 1989

HOUR MEASURE DR BJ DR ERR BJ ERR
(1 (Ibs/hr ] % (%
0 23794,.3000 243358750 24308,1504 -2.2761 -2,1596
1 24192.9200 24238.6914 24051.9121 -0.1892 0.5828
2 24170.0300 24015.6191 23812.4160 0.6389 1.4796
3 23116.4700 23318.1230 23695.3574 -0.8723 -2.5042
4 23458.2500 23075.4043 24284.6680 1.6320 -3.5229
h] 22943.1000 22626.1328 24190.0449 1.3815 -5.4349
6 21121.4500 21617.3633 23821.8984 -2.3479 -12.7853
7 21312.7500 21331.8984 23671.1816 -0.0898 -11.0658
8 21025.5000 21045.4688 23577.8027 -0.0950 -12.1391
9 20931.0300 20731.6543 23637.6387 0.9525 -12.9311
10 205864500 204630176 23857.9609 0.5996 -15.8916
11 20571.7500 20573,2520 24035.0762 -0.0073 -16,8354
12 _20974,05 20876,2383 24103.6270 0.4663 ~149212
13 21043,3500 20997,6387 241944102 0.2172 -14,9741
14 20932.5500 211254121 24206.4395 -0.9214 -15.6402 |
15 21313.8800 21328.1465 24212.0254 -0.0669 -13.5975
16 20972.1000 21423.3047 24150.1973 -2.1515 -15.1539
17 21696.9500 21544 8789 24234.1367 0.7009 -11.6937
18 _21117.4000 21729.3574 24200.6484 -2.8979 -14.6005
19 _21883.0500 21946.1641 24251.4746 -0.2884 -10.8231
20 21865.3500 21999.0879 24137.5879 -0.6116 -10.3920
21 21983.7500 22266.2520 24249.5020 -1.2850 -10.3065
22 22168.7500 22431.4160 24181.7129 -1.1848 -9.0802
4 §z4§%|2 173 24 -7
1904, 1980,778 40550016 3 ﬁ%

ERROR (%)

T Ll T A L4

TIME (HR)
Figure 2.90. 24 Hour Forecast Error for February 1989.
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Table 3.90

Measured and Model-Predicted Steam Flow Data for March 1989

HOUR [ MEASURE DR BJ DRERR | BJERR
(Ibs/hr) Ibs/h Ibs/hr) (%) (%)
Q 120580500 16422.5410|  18877.1777 9.0570 4.5361
L 16680.3000 | 13410.4492 | 19134.9121 1960311 147156
2 16292.1000 | 12460.1875| 193522508 | 23.5201 ] -18.7831
3 158302700 127086611 195355469 197192 -23.4063
4 16199.7000 | 12178.4307|  19690.1133 | 24.8231  -21.5462
5 16767.5800 | 12921.9941 | _ 198204590 | 22.9347 -18.2070
6 16802.1500 | 13330.8311  19930.3789 | 20.6600 | _ -18.6180
7 17186.3800 | 14026.7266|  20023.0742 | 18.3846 | -16.5055
8 186623300 | 167789375 |  20101.2422 10.0919 77102
9 18967.1800 | 18402.5625|  20167.1621 2.9763 -6.3266
10 192076300 19282.5840 [ 202227520 -0.3902 -5.2850
11 1947215001 19692.0332|  20269.6309 -1,1292 -4,0955
12 192037500 |~ 20056.4082 | 20309.1641 -4,4401 -5.7562
13 196923500 2033591021 20342,5020 -3.2681 -3.3015
14 19941.7000]  20673.3945] _ 203706152 -3.6692 -2.1508
15 19814.2800 | 20770.6270 | _ 20394.3242 -4.8266 -2.9274
16 20214.7300 | 20892.2539|  20414.3164 -3.3516 -0.9873
17 20609.3500 | 20883.0859 | _ 20431.1758 -1.3282 0.8645
18 21829.0500 | 20962.1680 | 20445.3945 3.9712 6.3386
19 20937.4700 | 21080.8105|  20457.3848 20,6846 2.2929
20 20737.5000 | 21150.7793 | _20467.4961 219929 13020
21 20500.4700 | 21074.7148 | 204760234 28011 0.1192
[ _ 2 204662000 | 20953.0156]  20483.2129 -2.3786 -0.083]
23 201827 20694.4063 | 20489277 25354 .1.5190 |
AVERAGEL 189273071 1796431301  J(K91.8998 5.0879 -6.1570
¢
DR
-4
8J
5
x
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Figure 3.90. 24 Hour Forcecast Errvor for March 1989,
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Table 4.90

Measured and Model-Predicted Steam Flow Data for April 1990

HOUR | MEASURE DR BJ DR ERR BJ ERR
( Ibs/hr) (Ibs/hr (% (%)
0 1103397001 1099570211 11106,7119 3468 -0,6503
1 1097023001 11346.0469 | 11097.2803 -3.4258 -1.1581
2 10899.8000]  122642041]  11101.0840 ]  -12.5177 -1.8467
3 107341700 | 12100.5752 ] 11099.5498 | -12.7295 -3.4039
4 10687.2500 | 11161.5352 ] 11100.1689 4.4379 -3.8637
5 106874500 ]  10573.1514]  11099.9189 1.0695 -3.8594
6 10680.3500 | 10497.0078 | 11100 0195 1.7166 -3.9202
7 10652.3800 | 10622.7949 | _ 11099.9785 0.2777 4.2019
B 10733.3000 | 10632.7959 | _ 11099.9951 0.9364 34164
9 10752.2700] __ 10607.2793 | _ 11099.0883 1.3485 232339
10 107629500 | 10899.343 110999912 -1,2673 23,1315
1L 10981,8800] 11205351 11099.9902 -2.034 -1.0755
12 10997.0000 ] 115632783 | 11099.9902 -5.1494 -0.9365
13 1096492 118302178 | 110999902 -1.8915 212318
14 10987.7300] 118709277 11099.9902 -8.0380 -1.0217 |
15 10968.9200]  11807.4844 | 11099.9902 -7.6449 -1.1949
16 10938.5000 | 12209.3174 | 11099.9902 | -11.6178 -1.4763
17 10909.8000 | 12068.9609 | 11099.9902 [ -10.6250 -1.7433
18 10958.7500 | 11735.0137] __ 11099.9902 -7.0835 ~1.2888 |
19 10651.6300 ] 10730.3955 | 11099.9902 -0.7395 -4.2093 |
20 10626.7500 | 10850.4551 | __ 11099.9902 -2.1051 2.4533
21 10735.8800 | 10972.7441| _ 11099.9902 ~2.2063 33915
2 109507500 | 11424.1211] _ 11099.9902 43227 -1.3628
0 11 g 7 4?2 -1.7834
(A VE'zRAEE 840,5054 3201544 42,4046 -2.3955

ERROR (%)
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Figure 4.90. 24 Hour Forccast Error for April 1990,

58




Table 5.90

Measured and Model-Predicted Steam Flow Data for May 1990

HOUR MEASURE DR BJ DR ERR BJ ERR
(logfhe _(lbyhe (ihs/hy % %

0 14442,4200 140240137 13813,5293 2.8971 4354
1 14456.0200 13676.4541 13311.9424 5.3927 7.9142
2 14339.9000 13394.6523 12927.1875 6.5917 98516
3 14346.9200 13196.5127 12646.8193 8.0185 11.8499
4 14136.0500 13078.0039 12445.8418 7.4847 11.9567
5 14196.9000 13000.9346 12302.5615 8.4241 13.3433
6 14 100.7000 12977.5439 12200.6045 7.9653 13.4752
7 14020.0200 12980.3262 12128.0986 7.4158 13.4944
8 13949.8800 13030.5059 12076.5479 6.5906 13.4290
9 13932.9700 13063.4121 12039.8984 6.2410 13.5870
10 13977.5000 13061.4180 12013.8438 6.5540 14,0487
11 13891.2800 13028.5908 11995.3213 62103 13,6486

12 13810,6500 12975,4268 11982.1533 6.0477 13.239
13 138327700 12916.8789 11972.7920 6.6212 13,4462
14 13762.9800 12856.3320 11966.1367 6.5876 13.0556
s 13724.7000 12801.9395 11961.4053 6.7234 12.8476
16 13621.9800 12748.7588 11958.0420 6.4104 12.2151
17 13656.7000 12704.0156 11955.6514 6.9759 12.4558
18 13679.9000 12668.4258 11953.9521 7.3939 12.6167
19 13628.3200 12638.8564 11952.7441 7.2603 12.2948
20 14059.1300 12611.3057 11951.8848 10.2981 14.98%4
21 14632.2500 12583.5400 11951.2734 14.0013 18.3224

22 13860.4800 12554.4199 11950.8389 94229 13.777
4458 92 §2517.59 1950 134 484
AVERAGE 402163921 120620775 120284 1.5566 2.8108

ERROR (%)

TIME (HR)
Figure 5.90. 24 Hour Forecast Error for May 1990,
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Table 8.90

Measnred and Model-Predicted Steam Flow Data for Anenst 1990

HOUR MEASURE DR BJ DR ERR BJ ERR
(Ibs/hn) (%) (%

0 8984 3500 8935,5869 9089,7559 0,548 -L1732]

1 —8971.0500 3887.2598 9203.9395 0.9 22,5960

| 2 8973.8300 881320491 9312.5391 1.7889 -3.7744
3 8986.5800 8774.4072 9407.7949 2.3610 4.6872

4 8989.1000 37843018 9491.3066 2.2783 -5.5868

5 9010.1700 8793.0127 9561.3184 24101 ~6.1170

6 9078.1700 8847.5967 9652.1924 2.5399 63231 |

7 9029.2500 8946.3213 9675.6992_ 0.9184 ~7.1595

8 8998.7000 9059.1191 9702.9678 20.6714 ~7.8263
9 8997.6300 9168.1748 9727.2002 ~1.8954 -8.1085
10 9013,1000 9287.0166 9750.8604 30391 8.1854
11 8998 2200 9407.3516 9767.9121 ~4,5468 -8.5538
12 89816300 9481,4443 9769.1309 -5.5649 -8.7679
13 8972,4000 9509.1914| 97763818 -5.9827 -8.9606
14 8964.7300 9470.6719 9781.8066 -5.6437 -0.1143
15 8971.0500 9435.8252 9781.1768 -5.1808 29.0305
16 8991.6500 9399.5967 9780.8477 4.5370 -8.7770
17 8991.6000 9334.7725 9780.4053 -3.8166 8.7727
18 8995.1700 9262.5137 9778.8242 22,9721 -8.7119
19 8991.9000 9170.8145 9784.9502 -1.9897 -8.8196
20 8985.3800 9053.3721 97945664 20.7567 ~9.0056
21 8994.6500 8787.7490 9801.1895 2.3003 ~8.0669
2 90063000 8715.8799 9794.6973 32246 -8.7538

4 4 K
AVERAGE 523 9086.2615 96563624 H

* The hourly steam output forecasted here is based on the cooling degree hour.

ERROR (%)

Figure 8.90. 24 Hour Forecast Error for August 1990.
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Table 9.90a

Measured and Model-Predicted Steam Flow Data for September 1990

HOUR | MEASURE DR BJ DRERR | BJERR

(lbs/he bghny 1@ (% (%) |

0 9162,0000 9174,3027 91735205 -0,1343 -0,1257
1 9183.2500 91782559 9177.9453 0.0544 0.0578
2 9193.3000 91777070 9177.9453 0.1696 0.1670
3 9189.6300 9188.7285 9177.9453 0.0098 0.1272
4 9179.7300 9183.6074 9177.9453 -0.0422 0.0194
5 91742300 9184.0049 9177.9453 -0.1065 -0,0405
6 9168.2800 9183.5332 9177.9453 -0.1664 -0.1054
7 9212.0800 9181.5860 9177.9453 0.3310 0.3705
8 9275.4300 9181.7021 9177.9453 1.0105 1.0510
9 9197.8800 9181.1621 9177.9453 0.1818 0.2167
10 9185.5300 9183.0057 9177.9453 0.0265 0.0826
1 9189,1000 91833330 9177.9453 0,0628 0.1214
12 9173,5500 91832510 9177,9453 20,1057 20,0479
13 91650500 9183,5049 9177.9453 -02014 -0,1407
14 9163.8300 9183.2607 9177.9453 -022120 -0.1540
15 9178.8300 9183.1855 9177.9453 -0.0475 0.0096
16 9183.4000 9183.0830 9177.9453 0.0035 0.0594
17 9216.8500 9183.3252 9177.9453 0.3637 0.4221
18 9267.5300 9183.5146 9177.9453 0.9066 0.9667
19 9190.5500 9183.5879 9177.9453 0.0758 0.1371
20 9165.2800 9183.7324 9177.9453 -0.2013 -0.1382
21 9140.8500 9183.8057 91779453 -0.4699 -0.4058
2 91363800 91838438 9177.9453 -0.5195 20,4549

9 9177.94 - 0,
ﬁ@—%w‘t 1 0182,6245 9 %77.7 % anﬁlg.{

ERROR (%)

Figure 9.90a.

TIME (HR)
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Table 9.90b

Measured and Model-Predicted Steam Flow Data for September 1990
Based on Cooline Decree Hours

HOUR MEASURE DR BJ DR ERR BJ ERR
(Ibs/hr) 1bs/hr | (%) (%)
0 9166,9000 9170.0469 _9166.1279 -0.0343 0.0084
1 9172.2300 9164.3701 9160.0762 0.0837 0.1325
2 9179.6800 9160.6016 91527783 0.2078 0.2931
3 9185.5300 9171.0088 9176.1826 0.1581 0.1018
4 9183.7300 9169.9902 9168.8271 0.1496 0.1623
h] 9188.5000 9169.9238 9171.8252 0.2022 0.1815
6 9182.9500 9168.8047 9172.4434 0.1540 0.1144
7 9201.6500 9166.7422 9168.9404 0.3794 0.3555
8 9177.9300 9160.6201 9154.9365 0.1886 0.2505
9 9179.9800 9154.8291 9142.4717 0.2740 0.4086
10 9186.7000 91489678 9129.0557 0.4107 0.6275
11 91852800 91450635 9121.9850 04378 0.6934
12 9129.8000 9144.3779 9123.0928 -0.1597 Q0735
13 9146.9300 9144,7383 91261318 0,0240 0.2274
14 9160.7300 9143.3359 9123.8867 0.1899 0.4022
15 9154.6500 9142.6865 9124.0908 0.1307 0.3338
16 9158.5500 9142.5449 9124.9727 0.1748 0.3666
17 9157.4300 9140.7070 0121.0195 0.1826 0.3976
18 9139.9800 9136.9932 9113.0537 0.0327 0.2946
19 9151.4800 9134.7881 9110.2275 0.1824 0.4508
20 9146.8800 9133.8584 9110.2754 0.1424 0.4002
21 9176.8800 9132.9512 9109.7715 0.4787 0.7313
22 9150.5000 91299873 9103,6563 0.2242 051
914 9127,9941 g 4 z;‘lﬁﬂ 43
AV 9150,2472 6,515 NETH 0.331

* The hourly steam output forecasted here is based on the cooling degree hour.

e

0.7

ERROR (%)

Rl ot Sum NS B Yy v 1 . v v v v ¥ 1 ¢ v v v X L

TIME (HR)
Figure 9.90b. 24 Hour Forecast Error for September 1990 Based on Cooling Degree Hours.
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9 CONCLUSIONS AND RECOMMENDATIONS

Phase 1 of this study showed that hourly stcam flow data can be rcpresented as a Box-Jenkins
transfer function modcl using lagged temperature data as input. The standard tests of goodness of fit
indicate that the models specified are in excellent agrecment with the historical data. In addition, when
the data are free of aberration, the 1 hour ahead prediction error was about 4 percent. Since the model
bascd on temperaturc lagged 2 hours has about the same predictive crror as the model with no lag,
temperature forccasts are not necded to forccast steam demand. These initial results are quite encouraging
and indicate that accurate forecasts up to several hours ahead can likely be made using such models.

Phase 2 of this study showed that both the Box-Jenkins and dynamic regression modcls did an
adcquate job for 24 hour forccasts. The best results were obtained using the dynamic regression method
with actual ambient temperatures. Twenty-four hour forecasting results obtained from Box-Jenkins
univariate models appcarcd slightly less rcliable; temperature information, however, was not necded for
model building and forccasting.

It is rccommendced that Box-Jenkins modcls be considered prime candidates for load forecasting:
their mathematics are simpler than those for dynamic regression models, because temperature data arc not
requircd. Nevertheless, weather information should also be taken into account in case of a significant
variation in ambient temperature within the forecast period.

It is recommended that the feasibility of complctely automating the identification of the prediction
formula should be studied for ficld implementation of multiboiler load allocation.

If, instcad of complete automation, it is preferred that an analyst be constantly involved with forecast
modcl identification and use, then it is recommended that use of the software packages mentioned in
Chapter 4 should be considered. They are user-friendly, and one has an cxpert system to guide the analyst
during modecl identification.
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APPENDIX A: Graphs of Hourly Temperature and Steam Flow for
February 1989 to March 1989
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APPENDIX B: Tables of Hourly Temperature and Steam Flow
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FORECAST PRO Version 1.12Fri Nov 30 15:35:00 1990

Expert data exploration of dependent variable FCS0389

BASIC STATISTICS

Number of observations: 468

Standard deviation: 4227.444463

Minimum: 12380.490234 Maximum: 33036.289063
Trend-cycle 85.15% Seasonal 1.14% Irregular 13.72%

BASIC PROPERTIES

A power transformation may help - try the logarithm,.
Correlational structure is strong.

Series is stationary.

Strong explanatory variables:

FCH0389

Data appear to be homogenecus.
RECOMMENDED METHOD: DYNAMIC REGRESSION.

Historical fit of dynamic regression model
Dependent variable: FCS0389

R-square: 0.744

Adjusted R-square: 0.743

Standard forecast error: 2143.137379

F statistic: 677.483 (1.000)
Durbin-watson: 0.432

Ljung-Box: 1416.629 (1.000)

Standardized AIC: 2147.711795
Standardized BIC: 2166.834274 ** BEST

Variable Coefficient Standard error
FCHO0389 292.955882 7.958627
_CONST 11369.638201 280.001173

Model dynamics diagnostics

T-stat
36.81)
40.606

AUTO(-1]) error term Chisq(1)=285.473
AUTO({~-2) error term Chisq{1)=200.847
AUTO[-3] error term Chisq(l)=167.695
AUTO{~-4) error term Chisq(l)=141.488
AUTO(-S] error term Chisq(1)=111.597
AUTO[-6) error term Chisq(1)=102.167
AUTO[-7] error term Chisq(l)=99.081
AUTO({-8) error term Chisq(l1)=77.7179
AUTO(-9] ercor term Chisq(l)=56.428

AUTQ(-10) error term Chiaq(1)=50.027
AUTO([-11) error term Chisq(l)=58.578
AUTO(-12) error term Chisg(l)=46.814
AUTO[-~24) error term Chisq(l)=1.820

FCS50389(-11
FC50389([-2)
FCS50389(-3)
FCS0389(-4)

Chisq(l)=253.112
Chisq(1)=155.050
Chisq(l)=114.55%
Chisq(1)=91.590

FCS0389(-5] Chisq{(l)=66.486
FCs50389(-6) Chisq(l)=58.574
FCS0389(-7) Chisq(l)=64.964
FCS50389(-8) Chisq(l)=55.834
FCS0389(-9} Chisq(l)=46.279
FCS50399(-10] Chisq(1)=45.999
FCS0389(~-11]) Chisq(1l)=50.151

FCS0389(-12)
FCS03893(-24)

Try adding _AUTO(-1} to model.

Chisq(1l)=41.620
Chisq(1)=31.213

Historical fit of dynamic regression model

Dependent varia
R-squarce: 0.902

Adjusted R-square: 0.902
Standard forecast error:
F statistic: 1431.116 (1.000)

Durbin-Watson:

Ljung-Box: 49.193 (1.000)

ble: FC$0389

2.176

1325.836071

Prob
1.000
1.000

P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=0.823
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000
P=1.000

L
* &
LR
LX
LE
L2 4
LR
LR
rx
kw
LR
LA

LR
* &
LR ]
LR ]
*a
* &
LB ]
LN ]
LR
(X}
L X ]
L
L




Standardized AI
Standardized BI

variable
FCHO389
_CONST
_AUTO(-1]

Model dynamics
AUTO([-2) error
AUTO(~3] error
AUTO(~-4) error
AUTO(~5) error
AUTO{~6) exror
AUTO([~7] erxror
AUTO(~8) error
AUTO[-9] error
AUTO{-10) errorx
AUTO{~11) error
AUTO(-12) error
AUTO(-24) error
FCS0389(-1)
FCS0389(~2)
FCS0389(-3)
FCS50389(-4)
FCS0389(-5)
FCS0389(-6)
FCS0389(-7])
FCS0389(-8)
FCS0389(-9)
FCS0389(-10])
FCS0389(-11)
FCS0389(-12}
FCS0389(-24)

Try adding FCS0389(-7) to model,

C: 1330.087710
C:

Coefficient
272.287933
12066.143483
0.787552

diagnostics
term
term
term
ternm
term
term
term
term
texm
term
term
term

1347.920267 ** BEST

Standard error

15.727800
591.419392
0.028557

T-stat
17.313
20.402
27.540

Chisq(1)=5%.993
Chisq(l1)=15.729
Chisq(1)=13.282
Chisq(1)=5.847
Chisq(l)=11.657
Chisq(l)=14.668
Chisq{1l)=4.251
Chisq(l)=1.613
Chisq(l1)=5.171
Chisq(1)=13.476
Chisq(1l)=1.958
Chisq(1)=3.670
Chisq(1l)=1,497
Chisq(1)=0.412
Chisq(l)=1.067
Chisq(1)=9.018
Chisq(l1)=0.016
Chisq(1)=0.776
Chisq(1)=19.344
Chisq(1)=4.087
Chisq(1)=0.157
Chisq(l)=0.436
Chisq(1)=19.156
Chisq(1)=0.197
Chisq(1)=5.064

Historical fit of dynamic regression model

Dependent varia
R-square: 0.907
Adjusted R-squa
Standard foreca
F statistic: 11
Durbin-watson:

Ljung-Box: 33.5
Standardized AI
Standardized BI

Variable
FCHO389
_CONST
FCS0389(-7)
_AUTO{-1]

Model dynamics
AUTO(-2]) errxor
AUTO(~3) error
AUTO(-4]) error
AUTO[~-5) error
AUTO[-6) error
AUTO[-7) error
AUTO[-8) ecror
AUTO{-9) error
AUTO[-10] error
AUTO(~11] error
AUTO(-12) error
AUTO(-24) ecrror
FCS0389(-1}
FCS0389(-2}
FCS0389(-3}
FCS0389(-4)
FCS0389(-5)
FCS0389(-~§)
FCS0389(-8)
FCS0389(-9)

ble: FCSG389

re: 0.906
st error:
15.002 (1.000)
2.117

42 (0.999)

C: 1309.610451

C: 1333.346012 »+ BEST

Coefficlient
264.054840
8885.152962
0.166055
0.750437

diagnostics
term
term
term
term
term
term
term
term
term
term
term
‘term

1303.953646

Standard er:cv

T-atat

14.702335
842.000116
0.035438
0.030886

Chisg(l)=2.
Chisq(l)=6.
Chisq(l)=4.
Chisq(l)=1.
Chisq(l)=3.
Chisq(l)=4.
Chisq(1l)=5.
Chlsq(1)=3.
Chisq(1)=8.

17.960
10.552

4.686
24.297

903
162
726
443
425
531
828
134
601

Chisq(1)=~18.892
Chisq(1)=5.671
Chisq(1)=13.650
Chisq(1)=0.879
Chisq(l)=0.131
Chisq(1)=0.073
Chisq(l)=5.434
Chisq(1)=0.478
Chisq(l)=2.882
Chisq(1)=1.750
Chisq(l)=1.540

91

P=0.

p=1

P=1.
P=0.
P=0.

P=]

P=0.

P=0

P=0.

P=]

P=0,
P=0.
P=0.
P=0.
P=0.
P=0.
P=0.
P=0.

P=l

P=0.
P=0.
P=0.

P=1

P=0.
P=0.

P=0.
P=0.
P=0.
P=0.
P=0.

P=0

P=0.
P=0,
P=0.
P=1.
P=0.

P=1

P=0.

P=0
P=0

P=0.

P=0

P=0.

P=0

P=0.

Prob
1.000
1.000
1.000

986
.000
000
984
999
.000
961
.796
977
.000
838
945
779
479
698
997
102
622
.000
957
308
491
.000
343
976

Prob
1.000
1.000
1.000
1.000

912
987
970
770
936
.967
984
923
997
000
983
.000
652
.283
.212
980
.511
910
.814
785

ha

[ 2]

*h
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FC5Gl89(-10) Chisq(l)=1.027 P=0.689
FCS0389(~-11) Chisq(l)=12.475 P=1.000 **
¥CS0389(-12) Chisq(l)=1.746 P=0.814
FCS0389(-24) Chisq(l)=14.237 P=1.000 =+
Try adding _AUTO{-11] to model.

Model dynamics diagnostics

AUTO(~-2) error term Chisq(1)=2.903 P=0.912
AUTO(-3) error term Chisq(1)=6.162 P=0.987 »«
AUTO(~4) error term Chisq(l)=4.726 P=0.970 *
AUTO(-5] ercor term Chisq{l)=1.443 P=0.770
AUTO([-6]) error term Chisq(1)=3.425 P=0.936
AUTO(-7) error term Chisq(1l)=4.531 P=0.967 »
AUTO({~-8] error term Chisq(l)=5.828 P=0.984 =
AUTO[-9) errorxr term Chisq(l)=3.134 P=0.923
AUTO(-10) error term Chisq(1)=8.601 P=0.997 »»
AUTO(~-11) error term Chisq(1)=18.892 P=1.000 *»*
AUTO[-12] error term Chisq(1l)~5.671 P=0.983 *
AUTO(-24) error term Chisq(1)=13.650 P=1.000 *+
FCS0389(-1) Chisq(1)=0.879 P=0.652
FCS0389(-2} Chisq(l)=0.131 P=0.283
FCS0389(-3) Chisq(1)=0.073 P=0.212
FCS0389 (-4} Chisqg(l)=5.434 P=0.980 »
FCS03891-5) Chisq(1)=0.478 P=0.511
FCS0389(-6) Chisq(1)=2.882 P=0.910
FCS0389(-8) Chisq(1)=1.750 P=0.914
FCS0389(-9) Chlsq(l)=1.540 P=0.785
FCS0389(-10) Chisq(1)=1.027 P=0.689
FCS0389(-11) Chisq(1)=12.475 P=1.000 =+
FCS0389(-12) Chisql(l)=1.746 P=0.814
FCS0389(-24) Chisq(1)=14,237 P=1.000 **
Try adding _AUTO{-11) to model.

Historical fit of dynamic regression model

Dependent vacriable: PCS0389

R-square: 0.916

Adjusted R-square: 0.915

Standard forecast error: 1245.347190

F statistlc: 970.561 (1.000)

Durbin-Watson: 2.119

Ljung-Box: 15.033 (0.760)

Standardized AIC: 1252.246100

Standardized BIC: 1281.162633 ** BEST

Variable Coefficient Standard error T-stat Prob
FCHO389 277.7182346 13.452923 20.648 1.000
_CONST 8832.197930 830.127799 10.640 1.000
FCS50389(-7) 0.134648 0.033271 4.047 1.000
_AUTO[-1]) 0.677659 0.032754 20.689 1.000
_AUTO[-11} 0.144157 0.032090 4.492 1.000
Model dynamics diagnostics

AUTO(-2) error tarm Chisq(1)=3.319 P=0,932
AUTO(-3) error term Chisq(1)=6.972 P=0.992 #«
AUTO({~4) error term Chisq(1)=5.360 P=0.979 »
AUTO(-5) ecror term Chisq(1)=1.109 P=0.708
AUTO(-6) error term Chlsq(1)=2.665 P=0.897
AUTO({-7] error term Chisq(1)=2.788 P=0.905
AUTO(-8] error term Chisq(1)=2.150 P=0.857
AUTO({-9] error temm Chisq(1)=0.011 P=0.082
AUTO[(~10) error term Chisq(1)=0.000 P=0.015
AUTO(-12} error term Chisq(1)=2.962 P=0.915
AUTO({-24] error term Chisqg(1)=6.889 P=0.991 **
FCS0389(-1) Chisq(1)=0.389 P=0.467
FCS0389(-2) Chisq(l)=0.622 P=0.570
FCS0389(-3) Chisq(1l)=1.519 P=0.782
FCS0389(-4) Chisq(l)=4.762 P=0.971
FCS0389(-5) Chisq(l)=2.918 P=0.912
FCS$S0383(-6) Chisq(l)=7.117 P=0.992 #+
FCS0389(-8) Chisq(1)=2.510 P=0.887
FCS0389(-9} Chisq(1)=5.681 P=0.983 »
FCS0389(-10) Chisq(1)=3.932 Pu(.953 *
FCS0389(-11) Chisq(l)=4.767 P=0.971 +
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FCS0389(-12]}
FCS50389(-24)

Try adding FCS0389(-12) to model.

Historical fit of dynamic regression model
Dependent varlable: FCS0389

R-square: 0.917

Adjusted R-square: 0.916

Standard forecast errog: 1233.196320

F statjistic: 810.440 (1.000)
Durbin-Watson: 2.060

Ljung-Box: 10.582 (0.435)

Standardized AIC: 1241.481152

Standardized BIC: 1276.258322 ** BEST

Chisq(1)=8.253
Chisq(1)=6.371

Variable Coefficient Standard error T-stat
FCH0389 280.899719 12.537409 22.405
_CoONST 9777.794400 969.716349 10.083
FCS0389(-7} 0.125041 0.032521 3.845
FCS0389(-12) -0.047088 0.033514 -1.405
_AUTO[-1) 0.632723 0.034726 18.220
_AUTO[-11) 0.184922 0.034005 5.438

Eliminate marked nonsignificant variable.

Model dynamics

dlagnostics

AUTO([~2) error term
AUTQO([~3]) error term
AUTO{~-4) error term
AUTO(-5) error term
AUTO([~6) error term
AUTO(-7] error term
AUTO[~-8] error term
AUTO[~-9] error term
AUTO{-10]) error term
AUTO([~12] error term
AUTO[~24) error term
FCS0389(-1)
FCS0389(-2]
FCs0389(-3]
FCS0389(-4)
FCS0389(-5])
FCS50389(-6)
FCS0389(-8])
FCS0389(-~9)
FCS0389(-10])
£CS0389(-11)
FC$0389(-24])

Dynamics look OK.

Chisq(l)=1.326
Chisq(1)=3.902
Chisq(l)=2.592
Chisq(1)~0.105
Chisq(1)=0.855
Chisq(1)=0.884
Chisq(1)~0.829
Chlsq(1)=0.170
Chisq(1)=0.042
Chisq(1)=0.327
Chisqg(1)=1.887
Chisq(1)=0.012
Chisqi{1)=0.060
Chiaq(1)=0.090
Chisq(1)=3.079
Chisq(1l)=1.145
Chisq(1)=5.996
Chisq(1)=2.940
Chiaq(l)=5.687
Chisq(1)=4.213
Chisq(1)=3.402
Chisq(1)=1.937

Go on to explanatory variables.

Historical fit of dynamic regression model

Dependent variable: FCS0389
R-square: 0.918

Adjusted R-square: 0.917
Standagd forecast error:
F statistic: 699.812 (1.000)
Durbin-Watson: 2.000
Ljung-Box: 8.221 (0.232)
Standardized AIC: 1238.769204
Standardized BIC: 1275.347720

Variable Coefficient
FCHO0389 282.819966
_CONST 9839.235118
FCs0389(-7] 0.112448
FCS0389(-12] -0.043170
_AUTO(-1] 0.592417
TAUTO(-11) 0.171968
~AUTO[-3) 0.079267

1229.141131

Standard error T-stat
12.794953 22,104
1025.047317 9.599
0.033198 3.387
0.034329 -1.258
0.040200 14.737
0.034943 4.921
0.040754 1,945

Eliminate marked nonsignificant variable.

Historical fit of dynamic regression model
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P=0.996 *+

P=0.988 *

Prob
1.000
1.000
1.000
0.840
1.000
1.000

P=0.751
P=0.952
P=0.893
P=0.254
P=0.645
P=0.653
P=0.637
P=0.320
P=0.162
P=0.433
P=0.830
P=0.087
P=0.194
P=0.236
P=0.921
P=0.715
P=0.986
P=0.914
P=0.983
P=0.960
P=0.935
P=0.836

Prob
1.000
1.000
0.999
0.791
1.000
1.000
0.948




Dependent variable: FCS2389
R-square: 0.917

Adjusted R-square: 0.916

Standacd forecast error: 1236.836187
F statistic: 821.162 (1.000)
Durbin-Watson: 2.034

Ljung-Box: 11.461 (0.510)
Standardized AIC: 1245.053474
Standardized BIC: 1279.633187

Variable Coefficient Standard error T-stat Prob
FCH0389 282.042111 13.639318 20.679 1.000
CONST 8998.438308 897.810555 10.023 1.000
FCS0389(-7) 0.116499 0.034008 3.426 0.9993
AUTO{-1} 0.617025 0.039490 15.625 1.000
TAUTO(-11] 0.132400 0.032216 4.110 1.000
_AuUTO[-3] 0.106643 0.039926 2.671 0.992
Model dynamics diagnostics
AUTO([-2) error term Chisqi{l)=0.195 P=0.342
AUTO([~4) error term Chiaq(1)=0.838 P=0.640
AUTO(-5) error term Chisq(1)=0.001 P=0.023
AUTO(~-6] error term Chisq(1)=0.718 P=0,603
AUTO(-7} error term Chisq(1)=1.134 P=0.713
AUTO[-8) error term Chisq(l)=0.912 P=0.660
AUTO(-9) error term Chisq(l)=0.243 P=0.378
AUTO([-10]) error term Chisq(1)=0.090 P=0,236
AUTO([-12] error term Chisq(1)=2.498 P=0.886
AUTO[(-24) error term Chisq(1)=6.278 P=0.988 »
FC50389(-1) Chisqll)=0.426 P=0.486
FC50389(-2] Chisq(l)=1,047 P=0.694
FCS0389(-3) Chisq(l)=2,316 P=0.872
FCS0389(-4) Chisq{1)=2.573 P=0.891
FCS0389(~5] Chisq(1)=3,659 P=0.944
FCS0389(~6) Chisq(l)=7,347 P=0.993 **
FC50389(-9) Chisq(l)=2.288 P=0.870
FC50389(-9) Chisq(l)=4.537 P=0.967 *
FCS0389(-10} Chisq(1l)=3.567 P=0.941
FCS0389(-11) Chisq(l)=4.358 P=0.963 *
FCS0389(-12) Chisq(l)=7.792 P=0.9935 **
FCS0389(-24) Chisq(l)=4.199 P=0.960 *
Try addiag FCS0389(-12] to model.
Histo: 1 fit of dynamic regression model
Dependent variable: FCS0389
R-square: 0.918
Adjusted R-square: 0.917
Standard forecast error: 1229.141131
F statistic: 699.812 (1.000)
Durbin-Watson: 2.000
Ljung-Box: 8.221 (0.232)
Standardized AIC: 1238.769204
Standardized BIC: 1279.347720
Variable Coefficlent Standard error T-stat Prob
FCHO389 282.819966 12.794953 22.104 1.000
_CONST 9839.235118 1025.047317 9.599 1.000
FC50389(-7) 0.112448 0.033198 3.387 0.999
FCS0389(-12) -0.043170 0.034329 ~1.258 0.791 <-
_AUTO(-1) 0.592417 0.040200 14.737 1.000
_AUTO(~11]} 0.171968 0.034943 4.921 1.000
_AUTO{-3} 0.079267 0.040754 1.945 0.948
Eliminate marked nonsignificant variable.
Model dynamics diagnostics
AUTO({-2) error term Chisq(1)=0.016 P=0.101
AUTO(-4] error term Chisg(1)=0.312 P=0.424
AUTO{-5) error term Chiaq(1)=0.241 P=0.377
AUTO(-6] ercor term Chisq(l)=0.121 P=0.272
AUTO[-7) error term Chisq(l)=0.264 P=0.393
AUTO(-8] error term Chisq(1)=0.338 p=0,439
AUTO({-9] error term Chisq(1)=0.410 P=0.478
AUTO(-10) error term Chisq(1)=0.157 P=0.308

94




AUTQ{~12] error term
AUTO([~24]) error term

FCS0339(-1)
FCS0389(-2)
FC50389(-3)
FCS0389(-4]
FCS0389({-5)
FC50389(-6]
FC50389(-8)
FC50389([-~9)
FCS0389([-10)
FCS0389(-11)
FCS0389([-24)

Dynamics look OK.

Chisq(1)=0.366
Chisqg(l)=1.904
Chiaq(l)=0.401
Chisq(l)=0.387
Chisq(1)=0.792
Chlsq(l)=1.361
Chisq{l)=1.782
Chisq(l)=6.316
Chisq(1)=2.685
Chisq(l)=4.761
Chisq(1)=3.639
Chisqll)=2.845
Chisq(l)=1.608

Go on to explanatory variables.

Historical fit of dynamic regression model
Depandent variable: FCS0389

R-square: 0.919

Adjusted R-square: 0.917

Standard forecast error:

F statistic: 618.121 (1.000)

Durbin-Watson:

2.023

Ljung-Box: 11.661 (0.527)
Standardized AIC: 1234.909522
Standardized BIC: 1281,247648

1223.959042

Variable Coefficlent Standard error T~stat
FCHO0389 288.752472 13.156314 21.948
CONST 10447.648383 1073.790874 9.730
FCS0389(-7) 0.143698 0.035932 3.999
FCS0389(-12} -0.033800 0.034549 -0.978
FC50383(-6] -0.079893 0.036977 -2.161
_AUTO{-1) 0.595823 0.040156 14.838
_AUTO[-11]} 0.166958 0.035003 4.770
_AuTO(-3) 0.085885 0.041121 2.089
Eliminate marked nonsignificant variable.
Model dynamics dlagnostica
AUTO[~2) error term Chisq(l)=0.223
AUTO[-4) error term Chisq{l)=0.915
AUTQO(-5) error term Chisq(l)=0.,058

AUTO(-6) error term

AUTO(-7) error term

AUTO(-8] error term

AUTO[-9) error term

AUTO(-10) error term
AUTO(-12] error term
AUTO{-24) error term
FCS0389(-1]

Chisq(1)=2.760
Chisq(1l)=0.006
Chisq(1)=0.429
Chisq(1)=0.252
Chisq(1)=~0.057
Chisq(l)=0.244
Chisg(l)=1.948

FC50389(-2])
FCS50389(-3)
FCS0389(-4)
FCS0389([-5)
FCS0389(-8)
FCS0389(-9)

Chisq(1)=0.227
Chisq(l)=1.185
Chiaq(1)=0.455
Chisq(1)=2.716
Chisq(1)=0.803
Chisq(1)=3.377
Chisq{1)=3.935

FCS0389(-10)
FCs0389(-11)
FC50389(-24]

Chisq(1)=3.460
Chisq(1)=3.040
Chisq(l)=1.624

Dynamics look OK. Go on to explanatory variables.
variable specification diagnostics

TIME TREND
NONLINEARITY in predictors

Chisq(1)=3.439
Chisq(5)=14.038

Specification looks OK. Go on to final checks.

Model homogeneity diagnostics
HETEROSCEDASTICITY with time
HETERQSCEDASTICITY with predictors
HETEROSCEDASTICITY with fitted values
CHOW test for changing parameters

Chisq(1)=0.229
Chisq(5)=5.438
Chisq(1)=3.718
F(5,432)=5.52
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P=0.455
P=0.832
P=0.473
P=0.466
P=0.627
P=0.757
p=0.818
P=0.988 *
P=0.899
P=0.971 *
P=0.944
P=0.908
P=0.795

Prob
1.000
1.000
1.000
0.672 <~
0.969
1.000
1.000
0.963

P=0.363
P=0.661
P=0.190
P=0.903
P=0.063
P=0.488
P=0.384
P=0.188
P=0.379
P=0.837
P=0.366
P=0.724
P=0.500
P=3.901
P=0.630
P=0.934
P=0.953 *
P=0.937
P=0.919
P=0.797

P=0.936
P=0.985 *

P=0.368
P=0.635
P=0.946
P=1.000 *+




Model appear= to be homogeneous (stable over time).

FORECAST PRQO forecasts Fri Nov 30 15:45:56 1990

Dynamic regression model parameters

Dynamic regression forecasts

Parameter values

Variable Coefficlent
FCHO0389 288.752472
_const 10447.648383
FCS0389(-7) 0.143698
FC50389(-12) -0.033800
FCS0389(-6] ~-0.079893
_AUTO(~1]

Tauto(-11)

_AUTO(-3]

Forecast variable &FORECST

Period Forecast Lower (95%) Upper (95%)
1-1939 17424.236328 14861.741032 19986.731625
2-1939 19296.718750 16313.853747 22279.583753
3-1939 19026.162109 15907.662893 22144.661326
4-19393 20508.833984 17298.563719 23719.104249
5-1939 21295.003906 18031.830300 24558.177512
6~-1939 19272.560547 15981.592849 22563.528245
7-1939 22250.460938 18957.483465 25543.438410
8-1939 21133,373047 17804.575258 24462.170836
9-1939 16963.941406 13619.136813 20308.746000
10-1939 15289.373047 11938.315607 18640.430487
11-1939 15007.059570 11652.003971 18362.115169
12-1939 14237.042969 10836.643250 17637.442688
1-1940 13522.892578 10081.129062 16964.656094
2-1940 13457.079102 9989,287051 16924.871152
3-1940 13433.606445 9932.702007 16934.510883
4-1940 12976.503906 9449.3308649 16503.669163
5-1940 12869.222656 9323.360628 16415.084685
6-1940 13435.6232813 9878.957289 16992.308336
7-1940 14104.988281 10536.028067 17673.948495
8-1940 14619.756836 11042.448953 18197.064719
9-1940 15126.981445 11544.588494 18709.374397
10-1940 15530.203125 11943.585051 19116.821199
11-1940 16123.522461 12530.341077 19716.703845
12-1940 16526.171875 12925.343409 20127.000341

Expert data exploration of dependent variable FCS0389

BASIC STATIS

TICS

Number of observations:

Standard deviation:
Minimum: 12380.490234

Trend-cycle

85.15%

BASIC PROPERTIES
A power transformation may help - try the logarithm.
Correlational structure is strong.
Series is stationary.

There are no active explanatory varlables,

4227.444463
Maximum:
Seasonal 1.14%

Data appear to be homogeneous.
Series is seasonal.

RECOMMENDED METHOD: BOX-JENKINS.

Historical fit of Box-Jenkins model

Dependent variable: FCS0389

R~square: 0.859
Adjusted R-square: 0.858

33036.289063
Irregular 13.72%

Standard forecast error: 1591.180824
F statistic: 1418.705 (1.000)
Durbin-Watson: 2.122

Ljung-Box: 40.319 {1.000)
Standardized AIC: 1594.577117
Standardized BIC: 1608.774677

96




BJ Parameter

Al
Al12)
CONSTANT

Coefficlent
0.948963

-0.057107
1133.506717

Standacd error
0.053392
0.04778S

T-stat
17.774
-1.195

Try alternative model ARIMA(1,C,0)*ARIMA12(0,0,0)

FORECAST PRO forecasts Fri Nov 30 15:49:02 1990

Box-Jenkins model parameters
0.948963

All)
Afl12)
CONSTANT

Forecast
Period
1-1939
2-1939
3-1939
4-1939
5-1939
6-1939
7-1939
8-1939
9-1939

10-1939
11-1939
12-1939
1-1940
2-1940
3-1940
4-1940
5-1%40
6-1940
7-1940
8-1940
9-1940
10-1940
11-1940
12-1940

variable
F

18320.
18517.
18731.
18820.
19062.
19128,
19046.

19204

19201.
19558,
19622,
19564.
19646.
19712.
19773,
19838.
19890.
19949.
20014.
20061.
20115.
20145.
20190.
20239.

-0.057107
1133.506717

&FBJECST
orecast
146484
460938
474609
138672
517578
017578
685547
.281250
476563
382813
320313
583984
425781
578125
826172
482422
802734
845703
070313
609375
423828
957031
623047
771484

Lower (95%)
15102.597130
14081.755359
13433.2664138
12850.930829
12547.930323
12158.725816
11691,935608
11518.940246
11230.152021
11338.030819
11183.998011
10934.682558
10881.552443
10827.912850
10782.650210
10752.458661
10720.205001
10703.748450
10700.507118
10687.706510
10687.513678
10669.675031
10670.991021
10681.269651

Upper (95%)
21537.695839
22953.166516
24029.682781
24709.346515
25577.104834
26097.309340
26401.435486
26889.622254
27172.801104
27778.734806
28060.642614
28194.485411
28411.299119
28597.243400
28765.002134
28924,506183
29061.400468
29195.942956
29327.633507
29435.512240
29543.333979
29622.235031
29710.255072
29796.273318
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1.000
0.768




ACF
AIC
ARMA
ARIMA
BIC
EPRI
IEEE
ORSA
PACF
PICA
SAS/ETS
TIMS
UIuC

USACERL

ABBREVIATIONS AND ACRONYMS

autocorrelation function

Akaike Information Criterion
autoregressive-moving average

autoregressive integrated moving average
Bayesian Information Criterion

Electric Power Research Institute

Institute of Electrical and Electronics Engineers
Operations Research Society of America
partial autocorrelation function

Power Industry Computer Applications (Conference)
SAS Econometric and Time-Series Library
The Institute of Management Sciences
University of Illinois at Urbana-Champaign

U.S. Amy Construction Engineering Research Laboratory
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